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Abstract  
Cellulosic ethanol plants have started operating at commercial scale; however, challenges 
related to feedstock supply and pretreatment efficiency still exist.  To provide sufficient 
feedstock quantity, eleven natural populations of prairie cordgrass (Spartina pectinata L.) 
harvested in 2011 and 2012 were evaluated as a bioethanol feedstock.  After dilute acid 
pretreatment and simultaneous saccharification and cofermentation (SScF), ethanol yields from 
prairie cordgrass reached 205 to 276 g/kg biomass and 1,379 to 3,446 kg/ha.  These ethanol 
yields were comparable with those of switchgrass, corn stover and bagasse.  To produce 
feedstocks in a sustainable manner, growing bioethanol feedstocks on marginal lands has been 
recommended.  Ethanol production from prairie cordgrass and switchgrass grown on marginal 
lands were evaluated by performing dilute acid pretreatment and SScF.  Plants grown on 
marginal lands had ethanol yields comparable to those of plants grown on optimal land.    
 
To increase enzyme accessibility to carbohydrates, hot water or dilute acid hydrolysis 
followed by disk milling was developed as a pretreatment method.  Hot water or dilute acid 
pretreatment and disk milling acted synergistically to improve glucose and xylose yields by 89 
and 134%, respectively, compared to hot water pretreatment alone.  To take the combined 
pretreatment process one step closer to commercialization, disk milling was performed with 
commercially dilute acid pretreated corn stover.  Effects of number of disk milling cycles and 
enzyme dosage on sugar yields were evaluated.  Milling was more effective to improve glucose 
yields (by 70 to 120%), while enzyme dosage was more effective to improve xylose yields (by 
37 to 57%).  Compared to milling cycles and enzyme dosages, dilute acid pretreatment condition 
was the most important factor to increase final sugar yields.   
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Chapter 1. Introduction 
 
Petroleum and other liquid fuels are the largest energy source in the US, representing  
36% of total energy consumption in 2015 (EIA 2017).  Approximately 40% of petroleum and 
other liquid fuels consumed in the US are imported.  To reduce dependency on energy sources 
from abroad, biofuels are receiving attention from researchers as an alternative energy source.  
Considering that 70% of the petroleum in the US is consumed as transportation fuel, liquid forms 
of biofuels, such as bioethanol, have the potential to increase national energy security.  The 
Renewable Fuel Standard (RFS2) mandates annual production of 15 and 21 billion gallons of 
conventional renewable fuels (corn ethanol) and advanced biofuels, respectively, by 2022.  
Advanced biofuels can be categorized further as cellulosic biofuel, biomass based diesel or 
undifferentiated advanced biofuel, the annual production levels of which are required to be 16, 1 
and 4 billion gallons, respectively, by 2022.   
 
As of January 2016, 199 corn ethanol plants were operating in the US with the annual 
production capacity of 15.6 billion gallons and operating at 97% capacity (RFA 2016).  In 
contrast, only a few commercial cellulosic ethanol plants operate in the US producing a small 
amount of ethanol.  On September 3, 2014, POET-DSM Advanced Biofuels started up Project 
LIBERTY, the first modern commercial cellulosic ethanol plant, in Emmetsburg, IA.  Annual 
ethanol production is expected to be 25 million gallons and to consume 285,000 tons of baled 
corn residue to be collected within a 45 mile radius of the plant (POET-DSM Advanced Biofuels 
2015) .  Several days later, on September 9, 2014, Quad County Corn Processors in Galva, IA, 
began cellulosic ethanol production at 2 million gallons/year facility.  The facility was co-located 
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with a dry grind ethanol plant and targeted corn kernel fibers using the Cellerate™ technology 
(Quad County Corn Processors 2015).  Another cellulosic ethanol plant built by DuPont in 
Nevada, IA, opened on October 3, 2015, with annual ethanol production capacity of 30 million 
gallons from corn stover (DuPont 2015).  Abengoa Bioenergy opened a cellulosic ethanol 
biorefinery in Hugoton, KS, on October 17, 2014 (Abengoa 2014), but shut it down in  
December, 2015.  
 
Several challenges exist in cellulosic ethanol production, including feedstock supply and 
pretreatment.  Agricultural residues, especially corn stover, are used in cellulosic ethanol plants.  
However, to supply large amounts of feedstock for cellulosic ethanol production, a variety of 
feedstocks need to be investigated or developed.  Perennial grasses have the potential to be 
cellulosic biofuel feedstocks, along with crop residues, forest residues and woody crops, because 
they can grow on marginal lands, improve soil/water quality and reduce greenhouse gases (Mann 
and Tolbert 2000; Tilman et al. 2009).  Much research has been focused on warm season 
perennial grasses such as switchgrass (Panicum virgatum L.) and Giant Miscanthus (Miscanthus 
x. giganteus) (Heaton et al. 2008; Schmer et al. 2008; Somerville et al. 2010).  Recently, prairie 
cordgrass (Spartina pectinata L.) (PCG) has gained attention as a biofuel feedstock (Cybulska et 
al. 2009).  As the most northerly distributed C4 grass, it is native to North America and features 
strong rhizome and root systems (Boe et al. 2009).  PCG has flood and salt tolerance, which 
allows it to grow well on marginal lands with poorly drained or salinized soils that are unsuitable 
for other grasses and food crops (Boe et al. 2009).  To determine whether PCG is a good 
candidate for a cellulosic ethanol feedstock, it is necessary to determine its potential ethanol 
yield on a per hectare basis.   
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Production of perennial energy crops on marginal lands avoids competition with 
cultivation of food crops.  Major food crops are annuals and, therefore, not suited for cultivation 
on marginal lands because of biophysical constraints, such as erosion risk, salinization and soil 
fertility depletion, which result in low crop productivity (TAC Secretariat 1997).  However, 
abiotic stresses of marginal lands such as high soil salinity could have negative effects on 
biomass yields and ethanol yields of energy crops.  Therefore, evaluating ethanol yields from 
perennial grasses grown under environmental stresses on marginal lands could play a role in 
improving quality and quantity of biofuel feedstocks.  
 
To reduce biomass recalcitrance and increase the accessibility of carbohydrase to 
cellulose and hemicellulose, pretreatment that disrupts the biomass cell walls is necessary.  
Numerous pretreatment strategies have been investigated, including chemical/aqueous, 
biological and physical. Dilute acid pretreatment has been studied in particular because it 
hydrolyzes 80 to 90% of hemicellulose and displaces lignin.  However, dilute acid pretreatment 
also leads to the formation of chemicals that inhibit enzymatic hydrolysis and fermentation 
(Kumar and Murthy 2011; Yang and Wyman 2008).  As an alternative, aqueous (hydrothermal) 
pretreatment induces similar chemical reactions as dilute acid pretreatment.  It is more 
environmentally friendly and incurs lower operation and capital costs and can be optimized to 
produce less inhibitors (Mosier 2013).  For optimal performance, aqueous pretreatment requires 
higher temperatures and longer processing times than dilute acid pretreatment.  Mild dilute acid 
or aqueous pretreatment can be combined with mechanical refining (one type of physical 
pretreatment) to realize cost effective pretreatment with high sugar yields.  Examples of 
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mechanical refining techniques for wet samples are ball milling, extrusion, Papirindustriens 
Forskningsinstitutt (PFI) milling, Szego milling and disk milling (Chen et al. 2013; Chen et al. 
2014; Hideno et al. 2012; Inoue et al. 2008; Zhu et al. 2010).  Disk milling is advantageous 
compared to the other options because it is convenient to scale up, operates continuously, and is 
economically favorable (Barakat et al. 2013; Hideno et al. 2009).  Therefore, dilute acid 
pretreatment or aqueous pretreatment followed by disk milling has the potential to improve 
cellulose digestibility during enzymatic hydrolysis and can be applied at commercial scale.  
 
Our objectives were to evaluate potential feedstocks and develop a pretreatment method 
to improve cellulosic ethanol production.  Specific objectives were to: 
1. evaluate effects of genetics and management of PCG production on feedstock 
compositions and ethanol yields (Chapter 3), 
2. investigate ethanol yields of PCG and switchgrass grown under abiotic stress 
conditions, such as soil salinity and water logging (Chapter 4), 
3. improve sugar yields from corn stover using a combined pretreatment: dilute acid or 
hot water pretreatment followed by disk milling (Chapter 5) and 
4. determine effects of disk milling for improving sugar yields of commercially 
pretreated samples (Chapter 6).   
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Chapter 2.  Literature Review1 
 
2.1. Cellulosic Ethanol Production Process  
The cellulosic ethanol production process is depicted in Figure 2.1.  Wood, perennial 
grass, agriculture residue, corn fiber and municipal waste are examples of cellulosic feedstocks.  
Compositions and properties of biomass feedstocks are listed on the Biomass Feedstock 
Composition and Property Database maintained by the US Department of Energy (DOE) 
(http://www.afdc.energy.gov/biomass/progs/search1.cgi).  Also, the Energy Research Centre of 
the Netherlands' Phyllis2 provides a database of compositions of biomass 
(https://www.ecn.nl/phyllis2/Browse/Standard/ECN-Phyllis#).  According to the US DOE 
database, agriculture residues contain 31 to 43% cellulose, 12 to 25% hemicellulose and 17 to  
24% total lignin.  Hardwoods have 36 to 49% cellulose, 14 to 23% hemicellulose and 17 to 29% 
total lignin.  Herbaceous energy crops have 30 to 38% cellulose, 16 to 26% hemicellulose and 16 
to 25% total lignin.  In addition to conventional feedstocks, novel sources such as prairie 
cordgrass (PCG) have gained attention as biofuel feedstocks (Kim et al. 2015a).  Also, due to 
recent advances in biotechnology, genetically engineered biomass feedstocks have been 
developed to increase sugar yields or reduce process costs.  Examples are biomass with high 
starch content (Chuck et al. 2011; Kim et al. 2015b), tropical maize (White et al. 2011), biomass 
with reduced lignin content (Chen and Dixon 2007; Fu et al. 2011) and biomass with xylanase 
(Shen et al. 2012).  Once a suitable feedstock is selected, the cellulosic ethanol production 
																																								 																				
1	Published in Biotechnol. Biofuels (2016) 9:97 DOI 10.1186/s13068-016-0505-2  
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process begins with transport to the plant and size reduction to 0.16 to 0.23 in (0.41 to 0.58 cm) 
(Humbird et al. 2011).   
 
 
Fig. 2.1. Cellulosic ethanol process.  SHF, separate hydrolysis and fermentation;  SSF, 
simultaneous saccharification and fermentation;  SScF, simultaneous saccharification and 
cofermentation;  HSF, hybrid saccharification and fermentation;  CBP, consolidated 
bioprocessing. 
 
The next step in the cellulosic ethanol production process is pretreatment.  Biomass 
recalcitrance, which is caused by epidermal tissue and coatings (cuticle, wax and bark), 
composition (lignin, hemicellulose and pectin), the physical structure of the cell wall 
(heterogeneity and complexity), cellulose structure (crystallinity) and pretreatment induced 
effects (cellulose reannealing), prevents enzyme accessibility to cellulose (Zhao et al. 2012).  To 
reduce biomass recalcitrance and increase enzyme accessibility to cellulose, pretreatment that 
disrupts the biomass cell walls is necessary.  Pretreatment can be done by chemical/aqueous, 
physical and biological methods (Fig. 2.2).   
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Fig. 2.2. Types of pretreatment. 
 
Hydrolysis and fermentation follow pretreatment, and can be done by separate hydrolysis 
and fermentation (SHF), simultaneous saccharification and fermentation (SSF), simultaneous 
saccharification and cofermentation (SScF), hybrid saccharification and fermentation (HSF) or 
consolidated bioprocessing (CBP).  For SHF, hydrolysis and fermentation each can be performed 
at optimal conditions, and yeast either recycled or collected and marketed for animal food.  
However, there are end product inhibitions and sugar losses during lignin separation before 
fermentation, both of which result in decreased ethanol yields (Olofsson et al. 2008; Wingren et 
al. 2003).  To reduce capital investment costs, hydrolysis and fermentation reactors can be 
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combined in an SSF process.  Ethanol yields are higher in SSF compared to SHF (Olofsson et al. 
2008; Wingren et al. 2003).  When engineered yeasts that can ferment C5 and C6 sugars are used 
in the SSF, the process is termed SScF.  Adding a surfactant, such as Tween 80, increases 
ethanol yield and reduces enzyme loading and increases enzyme activity by preventing 
unproductive binding of the cellulases to lignin in SSF and SHF (Alkasrawi et al. 2003; Tu and 
Saddler 2010).  Even though many researches have shown that SSF produced higher ethanol 
yields than SHF (Öhgren et al. 2007; Tomás-Pejó et al. 2008), Cannella and Jørgensen (2014) 
showed that preference of SSF or SHF depends on the enzyme cocktail being implemented.  An 
older generation enzyme cocktail (Celluclast-Novozym 188) favored SSF over SHF, but a newer 
cellulase cocktail (Cellic CTec 2) had 20% higher final ethanol yield from SHF than SSF.  This 
might be because of higher concentration of gluconic acid formed during hydrolysis by the 
newer enzyme cocktail.  To leverage the advantages of SHF and SSF, HSF has been developed.  
During HSF, biomass is pre-incubated with cellulases under optimal conditions to reduce 
viscosity and generate some sugars prior to beginning SSF.  The basis of CBP is use of 
microorganisms that produce the needed hydrolysis enzymes.  CBP holds great promise to 
reduce operating and (more significantly) capital costs.  Moreover, CBP is expected to increase 
hydrolysis yields and reduces contamination risk during enzymatic hydrolysis (Lynd et al. 2005; 
Olson et al. 2012).  However, it is still very much in the research stage in terms of strain and 
process development.   
 
Following fermentation, ethanol is recovered by distillation and upgraded to fuel ethanol 
by dehydration.  Ethanol, which has a lower boiling point than water, is recovered from the top 
of the distillation column.  Ethanol is purified to a nearly azeotropic ethanol and water mixture 
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(typically to 190 proof) via distillation.  Then, molecular sieves are used to further purify the 
ethanol (to 200 proof).  Residual solids, which is enriched for lignin, are recovered from the 
bottom of the distillation column and moved to a combustor to generate electricity (Humbird et 
al. 2011).  
 
This project is focused primarily on feedstock development and two stage pretreatment.  
Therefore, feedstock supply and pretreatment are reviewed in the remainder of this chapter.  For 
feedstock supply, characteristics of switchgrass, Miscanthus x. giganteus, PCG, corn stover, corn 
fiber and biomass with starch are summarized.  For pretreatment, mechanistic details of 
chemical/aqueous, biological and physical pretreatments are outlined.  Moreover, advantages of 
combined pretreatment, chemical/aqueous pretreatment followed by mechanical refining 
(grinding), are highlighted.   
 
2.2. Feedstocks 
2.2.1. Switchgrass (Panicum virgatum) 
Due to its high biomass yields (5.2 to 11.1 Mg/ha dry basis (d.b.) (Heaton et al. 2008; 
Schmer et al. 2008)) and its adaptability to a wide range of soil types and climate conditions, 
switchgrass was identified as a model energy crop by the US DOE and USDA.  Switchgrass is a 
warm season (C4) grass, which grows 1 to 3 m tall with up to a 3 m root depth.  It is native to 
most of North America (Figure 2.3), and has lowland and upland ecotypes differentiated by the 
latitude of their origin (Vogel 2004).  Lowland ecotypes from southern parts of the US grow on 
flood plains with mild winter temperatures.  Compared to upland ecotypes, they are taller with 
larger and thicker stems.  Examples of lowland ecotypes are Alamo and Kanlow cultivars.  
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Upland ecotypes from northern parts of the US grow on dry areas and are tolerant to over 
wintering in freezing climates.  Examples of upland ecotypes are Cave-In-Rock, Summer, 
Sunburst, Blackwell and Caddo cultivars.    
 
 
Fig. 2.3. Switchgrass origins.  Switchgrass is native to green colored areas (USDA-NRCS 
PLANTS Database). 
 
2.2.2. Giant Miscanthus (Miscanthus x. giganteus) 
Giant Miscanthus is also a good candidate for cellulosic ethanol feedstock due to its high 
biomass yields (15 to 40 Mg/ha biomass yields (d.b.) (Heaton et al. 2008; Somerville et al. 
2010)).  M. x. giganteus is a sterile hybrid of M. sacchariflorus and M. sinensis.  It is a warm 
season grass and native to Asia.  It grows up to 4 m tall and has high cold tolerance  
(Clifton-Brown et al. 2001).  
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2.2.3. Prairie Cordgrass (Spartina pectinata)  
Prairie cordgrass is a native to North America (Figure 2.4), with strong rhizome and root 
systems, and is adapted to the furthest North of any of the C4 grasses (Boe et al. 2009).  PCG can 
accumulate biomass for extended growing season because of its cold tolerance (Long 1983).  In 
some cases, biomass yields of PCG were comparable to those of switchgrass (Boe and Lee 2007; 
Madakadze et al. 1998).  Boe and Lee (2007) compared biomass production of seven populations 
of PCG with three switchgrass cultivars (Cave-In-Rock, Summer and Sunburst).  Samples were 
grown in eastern South Dakota and harvested in October from 2001 through 2004.  Biomass 
production of PCG (6.0 Mg/ha) was similar to that of Cave-In-Rock (6.8 Mg/ha) during the first 
two years and outperformed switchgrass in the 4th year: PCG (6.8 Mg/ha) versus Cave-In-Rock 
(2.0 Mg/ha), Summer (5.4 Mg/ha) or Sunburst (4.2 Mg/ha).  
 
 
Fig. 2.4. Prairie cordgrass origins.  Prairie cordgrass is native to green colored areas  
(USDA-NRCS PLANTS Database). 
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2.2.4. Corn Stover  
Corn stover includes the stalks, leaves and cobs of the corn plant left in the field when 
grain is harvested.  Corn stover is used as animal bedding and food for cattle, as well as a 
cellulosic ethanol feedstock (David 2013).  Assuming the dry mass of corn plant is divided 
equally between grain and stover, 196 million Mg corn stover per year is available throughout 
the US (Graham et al. 2007).  Some corn stover should remain in the field to protect and improve 
soil quality and prevent erosion.  Considering equipment, soil moisture, and water and wind 
erosion constraints, 30% of all produced corn stover, estimated at 58.3 million Mg, could be 
collected (Graham et al. 2007).  Assuming all the corn stover is converted into ethanol with a 
yeast engineered to ferment C5 and C6 sugars, 5 billion gallons of ethanol could be produced. 
 
2.2.5. Corn Fiber  
Corn fiber is composed of starch (11 to 23%), cellulose (12 to 18%), xylan (18 to 28%), 
arabinan (11 to 19%), protein (11 to 12%)and lipids (2%) on a dry weight basis (Leathers 1998 ).  
A bushel of corn (25.4 kg or 56 lb) yields approximately 2.04 kg (4.5 lb) of corn fiber, which has 
a theoretical ethanol yield of 1.14 L (0.3 gal) (Saha et al. 1998).  Corn fiber can be obtained from 
the wet milling or dry grind ethanol process.  To produce value added coproducts in the dry grind 
process, research has been conducted to recover corn fiber.  Fiber can be separated by wet 
fractionation (enzymatic dry grind (E-Mill) corn process) (Singh et al. 2005), dry fractionation 
(quick fiber process) (Singh et al. 1999), or by the sieving and the elusieve process (Srinivasan et 
al. 2005).  Wet fractionation and dry fractionation recover fiber before liquefaction, sieving 
recovers fiber from whole stillage and the elusieve process recovers fiber from distillers dried 
grains with solubles.  In 2015, 1,810 million bushels of corn were processed through wet milling 
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(National Corn Growers Association 2015), which could be used to produce 543 million gallons 
of cellulosic ethanol.  In the same year, 3,733 million bushels of corn were processed in dry 
grind process, which would contribute to 1,120 million gallons of cellulosic ethanol.  
 
2.2.6. Plants Engineered for Elevated Starch Accumulation 
Developments in biotechnology have enabled the increase of starch content in biomass.  
Chuck et al. (2011) overexpressed the maize Corngrass1 gene in switchgrass that encodes a 
microRNA, which suppresses development stages of the plants from juvenile to adult phase.  
Therefore, the maize Corngrass1 overexpressing switchgrass continuously accumulates biomass, 
retards lignin and increases starch content.  Also, Lessard et al. (2013) accumulated starch in rice 
plants by altering the activity of enzymes related to starch metabolism in the plant.  Utilizing 
RNA interference (RNAi) to target glucan water dikinase (GWD), dual specificity protein 
phosphatase (DSP) and isoamylase (ISA3) genes can lower the level of native mRNAs in 
transgenic rice plants, which can be used to generate rice mutants that accumulate vegetative 
starch (Lessard et al., 2013).  Advantages of the transgenic rice mutants are elevated starch 
contents in grain and straw.  Kim et al. (2015b) produced ethanol from transgenic rice straw.  
Transgenic rice straw had higher starch content (17.6%) than control rice straw (9.30%), which 
resulted in 70% higher ethanol yields compared to control rice straw.  Ethanol yields of 
transgenic and control samples were 17.5% and 13.9% g/g biomass, respectively, when dilute 
acid pretreatment was used.  
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2.3. Pretreatment 
2.3.1. Single Stage Pretreatment 
Biomass pretreatment is at the center of the ethanol process and often the most expensive 
unit operation (Yang and Wyman 2008).  The choice of a pretreatment method affects 
downstream processes including conditioning of pretreated samples, enzyme dosage, microbe 
strain selection, recovery of coproducts, and wastewater treatment (da Costa Sousa et al. 2009; 
Yang and Wyman 2008).  Below, each major pretreatment strategy is reviewed in depth.  
 
2.3.1.1. Chemical Pretreatment  
Various chemicals with a wide range of pH are used to pretreat biomass (Figure 2.2).  
Depending on pH, different pretreatment kinetic models have been proposed.  Acid pH 
pretreatments typically use a mineral acid catalyst, such as sulfur dioxide, sulfuric acid or 
hydrochloric acid, to hydrolyze most of the hemicellulose.  In one proposed hemicellulose 
kinetic model, hemicellulose is solubilized to xylose oligomers in accordance to fast and slow 
reactions (biphasic hemicellulose hydrolysis).  Then, xylose monomers are produced, which are 
dehydrated to furfural (Schell et al. 2003).  Cellulose is hydrolyzed to insoluble oligomers that 
cannot be hydrolyzed further and to soluble oligomers that are hydrolyzed to glucose.  Glucose is 
further reduced to hydroxymethylfurfural (HMF) (Xiang et al. 2003).  Dilute acid pretreated 
samples have high enzymatic conversions.  However, the primary disadvantages of acid 
pretreatment are the generation of inhibitors to enzymes and yeasts, the requirement of corrosion 
resistant reactors and generation of chemical wastes associated with neutralization following 
pretreatment (Trajano and Wyman 2013).   
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Pretreatments at alkaline pH include ammonia, sodium hydroxide and alkaline wet 
oxidation.  Ammonia is used in many methods, such as ammonia recycled percolation (ARP), 
aqueous ammonia soaking (AAS) and ammonia fiber explosion (AFEX).  The alkaline catalyst 
causes delignification, which can be divided into three stages: initial, bulk and terminal (residual) 
(Kim and Holtzapple 2006; Ramirez et al. 2013).  The initial stage occurs at low activation 
energy (61 kJ/mol) and temperature (<170°C), where α-aryl ether and β-aryl ether bonds in 
phenolic units are cleaved rapidly.  The bulk stage occurs at high activation energy (150 kJ/mol) 
and temperature (170°C), where nonphenolic β-aryl ether linkages are cleaved.  At the last stage, 
the terminal or residual delignification, cleavage of C-C linkages and degradation of 
carbohydrates take place.  A drawback of alkaline pretreatment is that it generates irrecoverable 
salts, which penetrate into biomass (Mathew et al. 2011).  Also, it is not effective on high lignin 
content biomass, even though the alkaline pretreatment removes lignin.   
 
2.3.1.2. Aqueous Pretreatment  
Water based pretreatments, without addition of an acid or base, follow acid catalyzed 
kinetics.  At high temperature and pressure, saturated liquid water increases the concentration of 
protons in solution, becoming weakly acidic.  H3O+ and OH- concentrations in liquid water at 
250°C are 23 times higher than at 25°C.  In addition, hemicellulose is hydrolyzed in acidic 
conditions and releases acetyl and uronic groups.  These acids, especially acetic acid, further 
lowers the pH, thereby promoting further hydrolysis, a phenomena referred to as autohydrolysis 
(Heitz et al. 1986).  Examples of autohydrolysis are liquid hot water pretreatment and steam 
explosion.  Hot water pretreatment also goes by the names liquid hot water pretreatment, hot 
compressed water pretreatment and hydrothermal pretreatment.  Since the pretreatment does not 
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use any other chemicals, it is environmentally friendly with low operation and capital costs 
compared to chemical pretreatment (Mosier 2013; Yang and Wyman 2008).  However, hot water 
pretreatment requires 20 to 50°C higher temperatures and 5 to 15 min longer residence times 
compared to dilute acid pretreatment to gain the same cellulose conversion yields.  Hot water 
also challenges the cellulase and hemicellulase enzyme system because it does not saccharify 
hemicelluloses to monosaccharides. 
 
2.3.1.3. Biological Pretreatment  
Enzymes produced from white, brown and soft rot fungi are used in biological 
pretreatment.  White rot fungi, including Phanerochaete chrysosporium, Trametes versicolor, 
Ceriporiopsis subvermispora, Heterobasidium annosum and Pleurotus ostreatus, have been 
studied for biological pretreatment.  White rot fungi can degrade lignin selectively or 
simultaneously with cellulose (Guillén et al. 2005).  The fungi produce ligninolytic enzymes, 
such as laccase (Lac), manganese peroxidase (MnP) and lignin peroxidase (LiP) (ten Have and 
Teunissen 2001).  Lac is a polyphenol oxidase, which oxidizes phenolic lignin.  MnP and LiP 
oxidize lignin in the presence of H2O2, including nonphenolic lignin.  Mn2+ is oxidized to Mn3+ 
by MnP, which is reduced to Mn2+ by oxidizing lignin.  Unstable cation radicals are generated 
when LiP attacks lignin, which causes breakdown of Cα-Cβ and aryl Cα linkages, aromatic ring 
opening and demethylation.  Veratryl alcohol acts as an electron transfer mediator and substrate 
for LiP and induces LiP production (ten Have and Teunissen 2001).  Brown rot fungi, including 
Coniophora puteana, Gloeophyllum trabeum, Laetiporus sulphureus, Piptoporus betulinus, 
Postia placenta and Serpula lacrimans, are options for biological pretreatment (Guillén et al. 
2005).  Brown rot fungi mainly degrade cellulose and hemicellulose, and partially modify lignin 
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without significant lignin degradation (Arantes and Goodell et al., 2014).  Overall, biological 
pretreatment is an environmentally friendly method with demonstrated carbohydrate degradation 
capabilities.  However, relatively low efficiency, considerable loss of carbohydrate and slow 
reaction rates need to be improved to enable industrial application (Yu et al. 2009).  
 
2.3.1.4. Physical Pretreatment 
Mechanical refining (shredding, grinding and milling) and irradiation (gamma rays, 
electron beam and microwave radiation) are examples of physical pretreatment (Menon and Rao 
2012).  Physical pretreatments reduce particle size and increase the specific surface area 
available for hydrolysis.  Considering economic feasibility and large scale application, 
mechanical refining is a favorable option.  The three main roles of mechianical refining are 
cutting (shortening), shearing (external fibrillation or delamination) and compression (internal 
fibrillation) (Hartman 1984).  Plant cell walls consist of primary and secondary layers (Figure 
2.5).  Shearing removes the primary wall by pulling out the fibers.  Compression breaks 
hydrogen bonding within the fibers and allows water to intercalate inbetween layers, which 
causes internal fibrillation (Hartman 1984).  
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Fig. 2.5. Plant cell wall structure consisting of primary and secondary cell walls, lumen and 
middle lamella. 
 
Milling can be used either to reduce particle size or as a pretreatment depending upon the 
type of mill.  Knife mills and hammer mills are suitable for dry samples but do little to disrupt 
cell walls and generally are not used for pretreatment purposes, but are important for reducing 
particle sizes to increase biomass flowability (Figure 2.6).  Ball mills, extruders and disk (disc) 
mills are the dominant scalable methods used as pretreatments.  These unit operations are 
scalable and adapted for dry and wet samples (Figure 2.6).  Ball mills grind using shear and 
compressive forces.  Ball milling reduces cellulose crystallinity as well as particle size (Inoue et 
al. 2008; Zakaria et al. 2014).  Since the ball milling can be done with high slurry concentration, 
it reduces reactor volume and capital costs.  However, long milling times and high processing 
costs, including power usage, generally make ball milling impractical on an industrial scale (Fan 
et al. 1982).  Extruders provide shear force, heating and mixing, which can achieve 
thermomechanical and chemical pretreatments at the same time.  Single screw and twin screw 
extruders have been studied for biomass pretreatment (Karunanithy and Muthukumarappan  
2010; Zheng and Rehmann 2014).  However, screw extrusion requires a high energy input and 
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capital investment, which might prevent practical industrial scale application (Chen et al. 2014).  
Disk mills consist of two grooved discs: either counter rotating discs, or one stationary and one 
rotating disc.  Disk milling is a continuous process and applies shear force to induce biomass 
fibrillation (da Silva et al. 2010; Hideno et al. 2009).  Disk milling is scalable but requires high 
energy consumption (Ortega-Rivas 2012).   
 
Papirindustriens Forskningsinstitutt (PFI) mills are a specialty type that has been 
developed for laboratory scaled paper pulp testing, which have proven valuable for mechanical 
pretreatment studies.  A PFI mill consists of bars and a smooth bedplate (Figure 2.6) 
(Chakraborty et al. 2007).  The bars are pushed to one side of the bedplate, which provides 
compression and shear forces to fibers.  Compression is the main force of PFI milling that causes 
internal fibrillation.  While PFI mills are suitable for laboratory studies they are not scalable or 
applicable for continuous operations (Chen et al. 2013).   
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Fig. 2.6. Types of mill for biomass pretreatment.  A, Hammer mill;  B, disk mill;  C, PFI mill;   
D, ball mill;  E, roller mill. 
 
2.3.2. Combined Pretreatment: Chemical/Aqueous Pretreatment with Mechanical Refining  
To leverage the strengths of each pretreatment method and maximize physicochemical 
changes during pretreatment, combined pretreatments have become a popular area of research.  
To compound the effects of both low and high pH exposure, Zhang et al. (2010) pretreated 
corncobs with formic acid followed by soaking in aqueous ammonia, or dilute sulfuric acid 
followed by sodium hydroxide.  Chemical/aqueous pretreatment or physical pretreatment with 
biological pretreatment also has been investigated.  Ma et al. (2010) treated water hyacinth with 
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white rot fungi (Echinodontium taxodii) or brown rot fungi (Antrodia sp. 5898), then further 
treated with dilute acid.  In a separate study, ultrasonic or H2O2 pretreated rice hull subsequently 
underwent fungal pretreatment (P. ostreatus) (Yu et al. 2009).  The combination of 
chemical/aqueous pretreatment with biological pretreatment shortened the biological 
pretreatment incubation time and reduced sugar losses.  Moreover, chemical/aqueous 
pretreatment can be combined with mechanical refining.  Hot water, dilute acid and sulfite 
pretreatment to overcome recalcitrance of lignocellulose (SPORL) pretreated lodgepole pine was 
ground with a disk mill (Zhu et al. 2010) .  Also, alkaline pretreated corn stover has been further 
pretreated with disk milling (Chen et al. 2014).  The chemical/aqueous pretreatment with 
mechanical refining reduces mechanical refining energy, particle size, crystallinity and enzyme 
dosage.   
 
Regardless of pretreatment combination, sugar yields are generally increased compared 
to a one step operation.  However, for industrial applications, chemical/aqueous pretreatment 
with mechanical refining is the most promising method.  Thermal chemical pretreatments often 
require specialized and costly reactor designs because of the use of high temperature and/or 
extreme pHs.  Combining a thermal chemical pretreatment with mechanical refining lowers the 
needed severity in terms of temperature and pH and, therefore, affords the possibility of using a 
less costly reactor.  Also, mild chemical or aqueous pretreatments do not generate as much 
inhibitors, which could simplify the process by eliminating washing and filtration steps.  
Mechanical pretreatment requires high energy consumption and produces low sugar yields after 
hydrolysis.  Therefore, mechanical refining itself is not a promising pretreatment in cellulosic 
plants.  However, when it is combined with chemical/aqueous pretreatment, lower energy 
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consumption and shorter operation time are possible with higher sugar yields.  Moreover, 
mechanical refining is widely used in the pulp industry and wet milling plants, and so the process 
could be conveniently adapted for cellulosic ethanol facilities.   
 
2.3.2.1. Energy Consumption  
Mechanical refining is too energy intensive to be considered for commercial production 
of cellulosic ethanol.  Since adding chemical or aqueous pretreatment after mechanical refining 
introduces an added energy requirement, combining pretreatment steps in this order is not 
economically feasible.  For example, for wood chips, 10 to 40% of the ethanol thermal energy 
from wood (2 kWh/kg wood) would be consumed during size reduction by mechanical refining, 
when it precedes chemical/aqueous pretreatment.  However, to achieve a practical net energy 
output from wood biomass ethanol, energy consumption for mechanical refining preferably 
should be in the range of 28 to 111 Wh/kg (0.1 to 0.4 MJ/kg) (Zhu and Pan 2010).  To reduce 
mechanical refining energy, chemical/aqueous pretreatment before mechanical refining has been 
suggested (Lee et al. 2010; Zhu et al. 2010).  Chemical/aqueous pretreatments remove 
hemicellulose, lignin or both, and produce nanoscopic pores between cellulose microfibril 
bundles, which weaken the network structure of the polymer matrix (Lee et al. 2010; Zakaria et 
al. 2015; Zhu et al. 2010).  This allows the energy requirement for mechanical refining after 
chemical/aqueous pretreatment to be reduced by up to 80% compared to mechanical refining 
alone (Table 2.1).   
 
Chemical and aqueous pretreatments play a critical role in mechanical refining energy 
consumption (Table 2.1) because different types of chemical pretreatments have unique 
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mechanisms to destruct the cell wall.  Four different pretreatment methods (hot water, acid, 
SPORL with initial pH 4.2 and SPORL with initial pH 1.9) were applied to lodgepole pine 
wood chips; disk milling followed (Zhu et al. 2010).  Compared to disk milling alone, hot water 
pretreatment with disk milling barely reduced energy consumption and only slightly increased 
substrate enzymatic digestibility.  However, SPORL with initial pH 1.9 followed by disk milling 
saved 78% of the milling energy and achieved 92% substrate enzymatic digestibility.  This was 
because the SPORL process not only removed hemicellulose but also sulfonated lignin (Zhu et 
al. 2009).  Lignin becomes hydrophilic after sulfonation, which promotes swelling and softening 
of wood chips, resulting in increased sugar yields while lowering enzyme loadings (Zhu et al. 
2010).  Disk milling energy of hot water pretreated and superheated steam pretreated oil palm 
mesocarp fiber were compared (Zakaria et al. 2015).  The hot water and superheated steam 
pretreated samples required 22 and 73% less milling energy, respectively, compared to the raw 
material sample.  However, the hot water pretreated sample had a high degree of viscosity, 
which led to higher milling energy consumption compared to the superheated steam pretreated 
sample.  Huo et al. (2013) measured milling energy of magnesium hydroxide impregnated and 
sodium hydroxide impregnated eucalypt chips.  The magnesium hydroxide impregnated sample 
consumed 430 kWh/ton, while the sodium hydroxide impregnated sample used 630 kWh/ton.  
Energy requirements for both pretreated eucalypt chips were lower than the sample untreated 
with alkaline (990 kWh/ton).   
 
In addition to the type of chemical and aqueous pretreatment, many parameters affect 
milling energy, including plant species, moisture content, feed rates, motor speed and milling 
cycles.  Zhu et al. (2010) concluded that low solids loading in milling and large disk plate gap 
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decreased energy consumption without lowering glucose yields from enzymatic hydrolysis.  
When solids loading was decreased from 50 to 10%, milling energy was reduced by 34%.  
Milling energy was decreased by 80 to 90% when the disk plate gap was increased from 0.38 to 
2.54 mm.  Similarly, increasing throughput from 17 to 32 ton/day and plate gap from 0.00 to 
1.78 mm decreased energy consumption from 468 to 128 kWh/ton (Chen et al. 2014).   
Therefore, selecting the right type of chemical/aqueous pretreatment and optimizing milling 
conditions are import for reducing milling energy and make the combined pretreatment attractive 
for industrial application.  
 
2.3.2.2. Impact on Physical Structure of Biomass  
Many factors affect enzymatic saccharification, including particle size distribution, 
specific surface area, accessibility to cellulase, crystallinity, lignin content and lignin structure.  
Combined chemical/aqueous pretreatment followed by mechanical refining reduces particle size, 
increases defiberization, decreases cellulose crystallinity and increases accessible specific 
surface.  Chen et al. (2013) measured acid pretreated corn stover particle size after PFI milling 
and disk milling.  From acid pretreated sample with mean particle size of 271 µm, sizes of 84 to 
96 µm were achieved after PFI milling, while 139 to 164 µm were reached after disk milling.  
Ball milling also can reduce particle size.  The average particle size of oil palm mesocarp fiber 
(408 µm) decreased to 234 µm after 240 min of ball milling (Zakaria et al. 2014).  Even 1 min of 
ball milling was effective to reduce the particle size of corn stover from 160 to 64 µm (Shi et al. 
2015).  Ball milling after ozone pretreatment decreased particle size to 88 µm, which was not as 
much as solely using ball milling.  However, the samples subjected to combined pretreatment 
achieved higher sugar yields compared to samples that were only ball milled.   
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Mechanical refining reduces particle size but generally, particle size is not correlated to 
enzyme digestibility (Chang and Holtzapple 2000; Leu and Zhu 2013).  This may seem counter 
intuitive but can be explained by categorizing mechanical disruption to the biomass.  Leu and 
Zhu (2013) groups size reduction into two classes.  Class I size reduction increases fiber external 
surface area by fiber separation, cutting, fragmentation and external fibrillation by shear forces.  
Class I size reduction plays a minor role in increasing enzymatic digestibility.  In Class II size 
reduction, cell walls are deconstructed by breaking up microfibril cross links and by compression 
induced internal fibrillation.  Class II size reduction can be achieved by disk milling, ball milling, 
extrusion and PFI milling.   
 
Class II size reduction destroys the cell wall and simultaneously reduces crystallinity.  
Crystallinity can be measured by X-ray diffraction (XRD), solid state 13C nuclear magnetic 
resonance (NMR), infrared (IR) spectroscopy and Raman spectroscopy (Park et al. 2010).  The 
crystallinity index describes the relative amount of crystalline material in cellulose.  Sugarcane 
bagasse after alkaline pretreatment and disk milling had lower crystallinity index (26%) 
compared to samples after alkaline pretreatment alone (38%) (Miura et al. 2012b).  Ball milling 
can reduce crystallinity as well.  Hot water pretreatment followed by ball milling decreased the 
crystallinity of eucalyptus from 60 to 13% (Inoue et al. 2008).  Ozone and ball milling treated 
corn straw also decreased crystallinity index from 48 to 4% (Shi et al. 2015).  
 
2.3.2.3. Effects on Sugar Yields and Enzyme Dosage  
The synergistic effects of combined pretreatment on biomass structure improve sugar 
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yields.  Chemical/aqueous pretreatment followed by milling improved sugar yields from 1.16 to 
9.45 fold and 1.04 to 2.03 fold compared to either milling or pretreating with chemical/aqueous 
alone, respectively (Table 2.1).  Milling after chemical/aqueous pretreatment impacts on 
increasing sugar yields compared to milling alone because of biomass structure.  For example, 
oil palm mesocarp fiber has a particularly rigid surface, so milling alone was not enough to break 
the strong cellulose hemicellulose lignin network and overcome recalcitrance (Zakaria et al. 
2014).  Moreover, milling alone was not as effective as chemical/aqueous pretreatment alone to 
increase enzymatic hydrolysis efficiency.  Ball milled oil palm mesocarp fiber had 10% glucose 
yield and 15% xylose yield, while alkaline pretreated sample had 64% glucose and 47% xylose 
yields.  Glucose and xylose yields climbed to 97 and 63%, respectively, by alkaline pretreatment 
followed by ball milling (Zakaria et al. 2014).  In addition, disk milling alone on lodgepole pine 
trees did not achieve high glucose yield (11%), which was improved to 92% after combined 
pretreatment (SPORL with disk milling) (Zhu et al. 2010). 
 
Many types of refining mills have been used to improve sugar yields, including disk mill, 
ball mill, PFI mill, extruder and Szego mill.  However, it is hard to choose a single type of mill 
because biomass structure, types of chemical/aqueous pretreatment and milling conditions affect 
overall sugar yields.  For example, in the case of sodium carbonate pretreated hardwood chips, 
higher overall sugar yields were achieved after disk milling (70%) than PFI milling (53%) (Jones 
et al. 2013).  However, for corn stover that underwent alkali deacetylation, acid impregnation 
and steam explosion, PFI milling attained higher glucose yield (83%) and xylose yield (55%) 
than disk milling (78% glucose yield and 54% xylose yield) (Chen et al. 2013) 
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Sugar yields increase and plateau as milling time increases (Lee et al. 2010; Miura et al. 
2012a; Zakaria et al. 2015).  This is because of internal and external fibrillation.  For example, 
beating disrupts the fiber’s amorphous area, and opens pores (Hui et al. 2009).  However, in the 
case of PFI milling, excessive beating eventually decreases enzymatic accessibility by collapsing 
the micro pore structure (Chen et al. 2013; Hui et al. 2009; Jones et al. 2013).  In one example, 
when PFI mill revolutions were increased from 8,000 to 10,000 rpm, enzyme digestibility 
decreased from 77 to 70% (Chen et al. 2013).  
 
Chemical/aqueous pretreatment followed by mechanical refining achieved high sugar 
yields with low enzyme dosages (Chen et al. 2012; Ertas et al. 2014).  Disk milled samples had 
72% glucose yield and 50% xylose yield at a cellulase loading of 20 FPU/g rice straw (Hideno et 
al. 2012).  However, higher glucose yield (87%) and xylose yield (74%) were achieved with 
lower enzyme dosage (5 FPU/g rice straw) when samples were hot water pretreated and disk 
milled.  Similarly, sugar yields of hot water pretreated and ball milled sample at a cellulase 
loading of 4 FPU/g substrate were comparable with sugar yields of hot water pretreated sample 
or ball milled sample at a cellulase loading of 40 FPU/g substrate (Inoue et al. 2008).   
 
2.3.2.4. Pilot/Industrial Scale Milling  
Similar results as observed in laboratory scaled milling have been observed in 
pilot/industrial scale milling.  Sugar yields of deacetylated and dilute acid pretreated corn stover 
were improved 6 to 7% after one or two passes of the Szego mill, a planetary ring roller currently 
used at commercial scale (Chen et al. 2013).  After three passes of the Szego mill, glucose and 
xylose yields reached 95 and 90%, respectively, which were 10 to 11% higher compared to 
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nonrefined samples.  A small industrial scale disk mill (Sprout model 401, 36 in diameter) also 
improved sugar yields (Chen et al. 2014).  Unrefined deacetylated and dilute acid pretreated corn 
stover showed 69% glucose yield and 54% xylose yield, while refining the sample increased 
glucose and xylose yields to 86 and 79%, respectively.  
 
The effects of combined pretreatment on sugar yield and energy consumption also have 
been observed on an industrial scale.  Sodium carbonate pretreated pulp was milled with two 
industrial mills consecutively (Jones et al. 2014).  First, milling was done by Beloit double disk 
(42 in diameter) refiner with high intensity plates.  Milled fiber then passed through the 
secondary refiner, a 42 in Sprout-Bauer twin flow refiner with mid intensity plates.  Unrefined 
samples yielded 26% total sugar after 48 hr enzymatic hydrolysis, and increases in the total sugar 
yields were observed after both the primary and secondary refining.  Primary refined samples 
achieved total sugar yields of 44% after 48 hr enzymatic hydrolysis, and energy consumption of 
the primary refiner was 67 kWh/ton.  For total sugar yields, only an increase of 44 to 50% after 
48 hr enzymatic hydrolysis was observed for secondary refined samples.  However, the 
secondary refiner consumed an additional 80 kWh/ton.  To increase total sugar yields without the 
high energy demand of secondary refining, an alternative strategy is to perform longer enzymatic 
hydrolysis.  Primary refined samples had 63% total sugar yields after 144 hr enzymatic 
hydrolysis, which were higher than the secondary refined samples’ total sugar yields (50%) after 
48 hr enzymatic hydrolysis (Jones et al. 2014).  
 
Tao et al. (2012) performed technoeconomic analysis of deacetylated, dilute acid 
pretreated and mechanically refined samples based on the experimental data generated by Chen 
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et al. (2012), which was compared to a technoeconomic analysis that was published by National 
Renewable Energy Laboratory (NREL) in 2011 (Humbird et al. 2011).  The biggest difference 
between the 2011 and 2012 experimental designs was the dilute acid conditions.  For the 2011 
design, pretreatment was conducted for 5 min at 158°C and 5.5 atm with 22 mg of sulfuric acid 
loading per gram of biomass (d.b.).  For the 2012 design, only 8 mg of sulfuric acid was added 
per gram of biomass (d.b.) and pretreatment was performed for 20 min at 150°C and 4 atm.  In 
addition to dilute acid pretreatment, deacetylation and mechanical refining were evaluated in the 
2012 technoeconomic analysis.  For the 2012 scenario, PFI milling after dilute acid pretreatment 
could reduce the minimum ethanol selling price (MESP) by $0.19 to 0.30 per gallon, depending 
on corn stover varieties, compared to dilute acid pretreatment alone.  Moreover, samples that 
undergo deacetylation, dilute acid pretreatment and PFI milling could reduce MESP by $0.44 to 
0.54 per gallon.  Combining deacetylation, dilute acid pretreatment and mechanical refining 
could produce 64 million gallons of ethanol/yr with $2.12 per gallon MESP, which represents  
25% higher ethanol yields and $0.03 lower MESP compared to the 2011 design.  More 
technoeconomic and life cycle analyses need to be conducted to recommend the commercial 
feasibility of the combined pretreatment.   
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Chapter 3. Prairie Cordgrass (PCG) as a Cellulosic Ethanol Feedstock2 
 
3.1. Introduction  
The U.S. Department of Agriculture (USDA) and U.S. Department of Energy (USDOE) 
concluded that various types of feedstock are required to meet annual production of 21 billion 
gallons of advanced biofuels by 2022, as mandated by the Renewable Fuel Standard (RFS2) 
(USDA 2010; USDOE 2011).  Perennial grasses, crop residues, forestry residues and woody 
crops are examples of feedstocks.  Among perennial grasses, switchgrass (Panicum virgatum L.) 
and Miscanthus x. giganteus have been investigated extensively (Heaton et al., 2008; Schmer et 
al.,2008; Somerville et al., 2010).  Other perennial grasses need to be evaluated to meet biofuel 
feedstock demands.  Our objective is to investigate prairie cordgrass (Spartina pectinata) (PCG), 
a warm season perennial grass native to North America that features strong rhizome and root 
systems, as a feedstock.  Specifically, the effects of genetic variation in eleven natural 
populations and growing conditions (2011 and 2012 years) on feedstock compositions and 
ethanol yields were evaluated.  Also, compositions, biomass yields and ethanol yields from 
PCGs and other cellulosic ethanol feedstocks were compared.  
 
3.2. Materials and Methods  
3.2.1. Sample Selection  
Eleven natural populations of PCG planted in a field nursery at the Energy Biosciences 
Institute Energy Farm in Urbana, IL (40° 6' N, 88° 13' W) was harvested at the end of growing 
seasons in the 2011 and 2012.  Greenhouse grown seedlings of PCG were transplanted to the 
																																								 																				
2	Published in Bioresour. Technol. (2015) 183:70-77.	
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farm during the spring of 2010; they were arranged in a randomized complete block design with 
four field replications.  Populations (origin) used in this study were 9046805 (Plant Material 
Center of USDA-NRCS), IL-102 (Illinois), ND (North Dakota), PC09-101 (Connecticut),  
PC17-116 (Illinois), PC29-106 (Missouri), PC40-104 (Oklahoma), PC55-102 (Wisconsin),  
PCG-109 (South Dakota), PC46-105 (South Dakota), and RR (Plant Material Center of  
USDA-NRCS).  Harvested samples were air dried until the moisture content was less than 5%.  
Samples were ground by a heavy duty cutting mill (SM 2000, Retsch, Germany) using 1 mm 
sieve size.  Ground samples were stored in sealed containers at 4°C.  
 
3.2.2. Composition Analysis of Postharvested and Pretreated Prairie Cordgrass 
Compositions of postharvested PCGs were analyzed to determine theoretical ethanol 
yields.  Composition analysis of postharvested PCGs was performed following NREL protocols 
(NREL 2014).  Water and ethanol soluble extractives were removed from the samples via a 
Soxhlet method to prevent any interference during further analyses (Sluiter et al. 2008b).  
Compositions of extractives free samples were analyzed by a two step acid hydrolysis procedure 
(Sluiter et al. 2011).  After the two step hydrolysis, the sample was filtered.  Filtered solids were 
analyzed for acid insoluble lignin and ash concentrations by drying at 105°C for 24 hr followed 
by drying at 575°C for 4 hr.  Filtrate was analyzed for acid soluble lignin by recording 
absorbance at 220 nm, and for sugar concentrations by HPLC (Aminex HPX-87P, Bio-Rad, 
Hercules, CA).  
 
Compositional analyses of pretreated samples were performed for liquid phase (soluble 
solids) and solid phase (insoluble solids).  Monomeric sugars and inhibitor concentrations in 
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soluble solids were analyzed by HPLC (Aminex HPX-87H, Bio-Rad, Hercules, CA).  Total 
sugar concentrations (monomeric and oligomeric sugars) in soluble solids were measured by 
HPLC (Aminex HPX-87P) after acid hydrolysis (Sluiter et al. 2008a).  To obtain oligomeric 
sugar concentration, monomeric sugar concentration was subtracted from the measured total 
sugar concentration.  Sugar recovery yield, which is the ratio of the amount of monomeric or 
oligomeric sugars released into the liquid to the corresponding carbohydrate concentrations in 
original samples, was calculated.  Water insoluble solids were prepared by washing the solids, 
adapted from the NREL protocol (Eddy et al. 1998).  The washing step was repeated until 
sample pH reached 5 to 7.  Compositions of water insoluble solids were determined by the two 
step acid hydrolysis method as described above.  
 
Prepared samples to analyze carbohydrates concentrations were filtered through a 0.2 µm 
syringe filter into 200 µL HPLC vials.  Filtered liquid was injected into ion exclusion column 
HPX-87H (Bio-Rad, Hercules, CA) or HPX-87P (Bio-Rad, Hercules, CA).  The HPX-87H 
column used 5 mM sulfuric acid as eluent and operated at 50°C, while the HPX-87P column 
used water as eluent and operated at 85°C.  Carbohydrates were measured with a refractive index 
detector (model 2414, Waters Corporation, Milford, MA).  HPLC detection limits of sugars were 
0.001% (w/w).  
 
3.2.3. Pretreatment 
According to the PCG composition analysis, two samples of the highest glucan 
concentration, two samples of the lowest glucan concentration and one sample of equal glucan 
concentration over the two years (2011 and 2012) were chosen for pretreatment and 
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simultaneous saccharification and cofermentation (SScF).  Among 2011 samples, IL-102 and 
PC29-106 were chosen for the highest glucan concentration; PC40-104 and PC09-101 were 
chosen for the lowest glucan concentration.  Among 2012 samples, PC09-101 and PC40-104 
were selected for the highest glucan concentration; PC46-105 and 9046805 were chosen for the 
lowest glucan concentration.  NDs from 2011 and 2012 were selected for equal glucan 
concentration over two years.  
 
The selected samples were pretreated in stainless steel pipe reactors in a fluidized sand 
bath.  Reactors were made of 316 stainless steel with 4.125” (10.478 cm) length × 0.75” (1.905 
cm) outer diameter × 0.065” (0.165 cm) wall thickness tubing (SS-T12-S-065-20, Swagelok, 
Chicago Fluid System Technologies, Chicago, IL) with caps on both ends (SS-1210-C, 
Swagelok, Chicago Fluid System Technologies, Chicago, IL).  To measure internal reactor 
temperature, one tube reactor was assembled with a thermocouple (39105K212, 
Penetration/Immersion Thermocouple Probe Mini Conn (Pointed-Tip, Type K, -418 to 1652°F), 
McMaster-Carr, Robbinsville, NJ).  Datalogger (HH306/306A, Datalogger Thermometer, 
Omega, Stamford, CT) was used to record temperature of the thermocouple.  Pretreatment was 
conducted at 20% solid content by mixing 8 ml of 1% w/w sulfuric acid with 2 g of dry solids 
biomass.  Pretreatment was done at 160°C for 10 min.  To reduce temperature heat up time, the 
sand bath was set at 190°C.  Reactors were cooled down in cold water.  It took about 3 min to 
heat to 160°C and 20 min to cool the reactors to room temperature.  Pretreated samples including 
both liquid and solid phases were transferred to a preweighed conical tube and were processed 
for either composition analysis or SScF.  
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3.2.4. Simultaneous Saccharification and Cofermentation  
After the pretreatment of biomass, pH values were adjusted to 5 by adding 2N sodium 
hydroxide solution.  Then, 0.5 ml of Accellerase 1500, 0.4 ml of Accellerase BG, 0.2 ml of 
Accellerase XY and 0.5 ml of Accellerase XC were added into each pretreated sample of 2 g 
cordgrass and mixed thoroughly.  The enzymes were obtained from Genencor International (Palo 
Alto, CA).  All enzymes were mixed together; enzyme activities were measured using  
3,5-dinitrosalicylic acid (DNS) reagent described in NREL protocol (Adney and Baker 2008) 
and Bailey et al. (1992).  Cellulase activities were 55.2 FPU/ml and hemicellulase activities were 
14,405 µmol/min⋅ml.  After adding the enzyme mixture, pH values were adjusted to 6 using 2N 
sodium hydroxide; sterilized water was added up to 17 ml of prior to mixing.  High viscosity 
prevented transferring whole samples (17 ml) to serum bottles.  To maintain the same initial 
yeast concentration, a fixed working volume was chosen for SScF.  Therefore, 15 ml of 
pretreated cordgrass enzyme mixtures were distributed into sterilized serum bottles for SScF.   
 
S. cerevisiae SR8 (Ha et al. 2011) was cultured in YP broth containing 20 g/L of 
bactopeptone and 10 g/L of yeast extract with 2% glucose and incubated in an incubation shaker 
(Innova42, New Brunswick Scientific, Enfield, CT) set at 30°C and 400 rpm until the optical 
density at 600 nm (OD600nm) reached 5 to prepare yeast cells for inoculum. Cultured cells were 
harvested by centrifugation at 4,000 rpm (2,700 x g) for 5 min and supernatant was discarded.  
The pellet was resuspended in sterilized water and dispensed into new tubes with a proper 
amount to inoculate them to each pretreated cordgrass enzyme mixture with initial OD600nm of 1.  
Yeast cells were pelleted again by centrifugation at 10,000 rpm (9,300 x g) for 3 min.  Cells were 
transferred to the serum bottles after supernatant was discarded.  After inoculation, serum bottles 
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were sealed and head space was purged by nitrogen to make a strict anaerobic condition.  The 
final fermentation volume was 15 ml for all samples.  Serum bottles were incubated at 300 rpm 
and 30°C for 250 hr.  Every sample was obtained under anaerobic conditions.  Sampling at 0 hr 
was performed after adding enzymes and yeast.  
 
Glucose, xylose and ethanol concentrations during SScF were analyzed by HPLC system 
with refractive index detector (1200 Series, Agilent Technologies, Santa Clara, CA) and Rezex 
ROA-Organic acid H+ column (Phenomenex, Torrance, CA) at 50°C.  HPLC detection limits of 
sugar and ethanol were 0.001% (w/w).  Solid fraction of SScF samples was separated by 
centrifugation at 4°C and 15,000 rpm (20,900 x g) for 10 min; the liquid portion was used for 
analysis after filtration via 0.2 µm PVDF filter vials (Thomson, Oceanside, CA). 
 
3.2.5. Statistical Analysis 
All data were calculated based on dry weight of biomass, and a mean value of two 
replicates.  Fisher's protected least significant difference (LSD) was performed with 95% 
significant difference for components among samples harvested in the same year.  Pearson's 
product moment correlation coefficient (r) was calculated and significances were tested by a two 
tailed test with alpha of 0.05.   
 
3.3. Results and Discussion  
3.3.1. Feedstock Compositions and Pretreatment  
PCG compositions were different among populations (Table 3.1 and 3.2).  For PCGs 
harvested at the end of the 2011 growing season, glucan concentrations ranged from 302 to 374 
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g/kg biomass, while xylan concentrations were in the range of 182 to 215 g/kg biomass (Table 
3.1).  Lignin was present mostly as an acid insoluble form and total lignin ranged from 155 to 
189 g/kg biomass.  Extractives, defined as combined fractions of water and ethanol extractives, 
were from 94 to 210 g/kg biomass.  For 2012 samples, glucan concentrations were between 312 
and 364 g/kg biomass and xylan concentrations were ranged from 203 to 241 g/kg biomass 
(Table 3.2).  Total lignin concentrations and extractives in 2012 were from 161 to 201 g/kg 
biomass and from 86 to 141 g/kg biomass, respectively.  
 
Each population responded differently to growing conditions, resulting in composition 
variations between two years.  Although glucan concentrations were a similar range in 2011 and 
2012 samples, there was an interaction between 2011 and 2012 glucan concentrations of given 
samples.  IL-102 had the highest glucan concentration in 2011 but only a moderate concentration 
in 2012.  PC09-101 was the lowest glucan concentration sample in 2011 but it had the highest 
glucan concentration in 2012.  Glucan concentrations in some of samples did not change 
between growing seasons.  Glucan concentration in ND was 331 g/kg biomass in both 2011 and 
2012.  Similar to glucan, there were interactions between 2011 and 2012 xylan, total lignin or 
extractives concentrations of given samples.  However, xylan and total lignin concentrations in 
most 2012 samples increased by a maximum of 25% compared to 2011.  Extractives in all 2012 
samples decreased 8 to 58% compared to 2011.  Increased xylan and lignin concentrations and 
decreased extractives could have been caused by severe drought in the 2012 growing season.    
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Recovery yields of monomeric sugars and oligomeric sugars in the pretreatment liquor 
are summarized in Table 3.3.  The sample order in Table 3.3 is from highest to lowest glucan 
concentrations in postharvested samples.  In 2011, glucose recovery yields were in the range of 
7.5 to 12.3%, while xylose recovery yields ranged between 58.6 and 83.4%.  PC09-101 was an 
outlier of the range among 2011 samples.  In 2012, glucose recovery yields were from 7.7 to 
9.5%, while xylose recoveries were from 64.7 and 77.4%.  Glucose recovery yields of water 
soluble solids were not correlated with glucan concentrations in the original samples (r = 0.28 for 
2011 and r = 0.52 for 2012).  Similarly, there was no correlation between xylose recovery yields 
and xylan concentrations in the original samples (r = 0.20 for 2011 and r = 0.79 for 2012).  
Factors affecting sugar recovery yields are structure of hemicellulose, crystallinity of cellulose 
and structure of lignin hemicellulose cellulose matrix in addition to compositions of raw 
materials (Barakat et al. 2013).   
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TABLE 3.3. Sugar Recovery Yields in Water Soluble Solids of Pretreated Samples[1,2].   
Year 2011 
Soluble recovery (%) 
Glucose[3] Xylose[3] GOS[4] XOS[4] 
IL-102 8.8   bc 79.8  a 2.5  c 2.8   bc 
PC29-106 9.1   bc 75.3  a 3.7  c 3.7   b 
ND 9.5   b 83.0  a 3.0  c 1.3   c 
PC40-104 12.3 a 83.4  a 5.8  b 1.2   c 
PC09-101 7.5   c 58.6  b 7.7  a 15.6 a 
LSD[5] (α = 0.05) 2.0 11.8 1.5 2.2 
 
Year 2012 
Soluble recovery (%) 
Glucose[3] Xylose[3] GOS[4] XOS[4] 
PC09-101 7.7  c  77.4  a 2.6  cd 1.8  ab 
PC40-104 8.8  ab 74.3  ab 2.3  d 0.4  b 
ND 9.5  a 70.0  b 3.1  bc 2.5  ab 
PC46-105 9.1  a 74.9  ab 3.7  b 1.8  ab 
9046805 7.9  bc 64.7  c 4.8  a 4.7  a 
LSD[5] (α = 0.05) 0.9 4.9 0.7 3.3 
[1] Order is from highest to lowest glucan concentrations in original untreated prairie cordgrass. 
[2] Sugar recovery yields followed by the same letter in a column are not different (P < 0.05). 
[3] Glucose and xylose indicated monomeric sugars in pretreatment liquor. 
[4] Oligomeric sugars present in pretreatment liquor.  GOS: Glucooligosaccharides;  XO: 
Xylooligosaccharides. 
[5] LSD: Fisher’s protected least significant difference. 
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3.3.2. Simultaneous Saccharification and Cofermentation 
Engineered yeast that can ferment both hexose and pentose sugars was used.  S. 
cerevisiae SR8 was engineered for xylose metabolism by expressing xylose reductase and xylitol 
dehydrogenase, and overexpressing xylulose kinase.  In addition, to overcome acetate 
accumulation, ALD 6, which is a major gene coding for acetaldehyde dehydrogenase, was 
disrupted (Kim et al. 2013).  
 
Glucose, xylose and ethanol concentration profiles during SScF are depicted in Figure  
3.1.  Ethanol was produced mostly within 50 hr.  The yeast fermented glucose as soon as it 
became available, which explained the low glucose concentrations in the medium.  Also, xylose 
was consumed at the beginning of SScF, simultaneously with glucose.  Since all sugars were 
metabolized simultaneously rather than in stepwise fashion, high ethanol productivity (0.45 
g/L⋅hr) was achieved.  Ethanol production and xylose consumption were related (Figure 3.1).  
Lower xylose concentration in the reactor corresponded to higher ethanol concentration, and vice 
versa.  For 2011, xylose concentration in the fermentation vessel after SScF varied from 1.6 to 
6.7 g/L.  In the case of PC09-101 for 2011, a large amount of xylose in the reactor, 6.7 g/L, was 
not converted into ethanol.  A factor that affects enzymatic hydrolysis and fermentation is 
pretreatment efficiency that can be determined by sugar recovery yields.  Glucose and xylose 
(monomeric sugar) recoveries of PC09-101 were 7.5 and 58.6%, respectively, which were 24% 
lower than other samples (Table 3.3).  Glucooligosaccharides (GOS) recovery yield of PC09-101 
was 7.7%, which was twice as high as than the average of other samples.  Also, compared to 
other samples, PC09-101 produced seven fold more xylan during pretreatment.  This indicated 
the pretreatment condition was not severe enough to break down hemicellulose of PC09-101.  
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Also, the large amount of oligomers, known to inhibit enzyme activities (Zeng et al. 2007), 
produced during pretreatment of PC09-101 could affected downstream processes, consequently 
lowering ethanol yields.  
 
For most samples, ethanol yields were more than 70% of theoretical.  In case of ND in 
2012, 88% of theoretical yield was achieved.  Calculation of theoretical ethanol yields was based 
on the sum of glucan and xylan concentrations in original PCGs.  Ethanol yields using S. 
cerevisiae SR8 were comparable with other glucose and xylose cofermenting S. cerevisiae 
strains.  Matsushika et al. (2009) showed that ethanol yields from laboratory and industrial 
xylose fermenting S. cerevisiae strains were between 69 and 93% of theoretical.  S. cerevisiae 
TMB3400, which is an industrial C5 and C6 fermenting stain, had ethanol yields of 43 to 78% of 
the theoretical yield (Olofsson et al. 2008).  Although relatively high ethanol yields were 
achieved, low ethanol concentrations (~29 g/L) were obtained because fermentation was carried 
out at relatively low solids content.  An ethanol titer higher than 40 g/L is required for industry 
application (Dien et al. 2003) to reduce distillation energy consumption.  Further studies using 
high solids contents in SScF are needed to achieve the high ethanol titer necessary for industry 
application.  
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Fig. 3.1. Glucose (A), xylose (B) and ethanol concentration (C) (g/L) profiles of 2011 and 2012 
prairie cordgrass during simultaneous saccharification and cofermentation.  Error bars  
represent ±1 standard deviation. 
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3.3.3. Ethanol Yields  
To identify a superior population of PCGs as the dedicated energy crop, ethanol 
production was calculated as g/kg biomass and kg/ha of land (Table 3.4).  The sample order in 
Table 3.4 is from highest to lowest glucan in the original PCGs.  Ethanol yields (g/kg biomass) 
varied among populations and between years depending on feedstock composition and biomass 
yield (Mg/ha).  Among 2011 samples, IL-102 achieved the highest ethanol yield (258 g/kg 
biomass) and PC09-101 had the lowest ethanol yield (205 g/kg biomass).  For 2012 samples, 
ethanol yields ranged from 214 to 276 g/kg biomass, with the lowest from 9046805 and the 
highest from ND.   
 
Along with ethanol yield per unit biomass, biomass yield per hectare is an important 
factor to determine the total potential of feedstock per unit land.  Biomass yield of PCGs were 
from 3.7 to 13.8 Mg/ha in 2011 and from 6.4 to 14.1 Mg/ha in 2012 (Tables 3.1 and 3.2).  
Ethanol yields from 2011 ranged from 1,399 to 3,446 kg/ha.  IL-102 had the largest amount of 
ethanol production per hectare (3,446 kg/ha), while PC09-101 had the lowest ethanol production 
(1,399 kg/ha) (Table 3.4).  Ethanol yields from 2012 were 1,379 to 2,648 kg/ha.  Among all the 
samples, IL-102, which has been developed as a cultivar for high biomass yield (Lee and Parrish 
2013) produced the highest ethanol yields of biomass per area.  Comparing the same population 
of PCGs (ND, PC40-104 and PC09-101) between two years, ethanol yield (kg/ha) was not 
consistent.  ND and PC09-101 had higher ethanol yields in 2012, while PC40-104 had lower 
ethanol yield in 2012.  However, for all three samples, higher biomass yields (Mg/ha) and 
ethanol yields (kg/ha) were achieved in 2012 than 2011.  ND, PC40-104 and PC09-101 from 
2012 attained 8, 13, and 22% higher biomass yields (Mg/ha), respectively, compared to 2011 
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(Tables 3.1 and 3.2).  Ethanol yields (kg/ha) were 25, 9 and 28% higher, respectively, than those 
from 2011 (Table 3.4).  Both increased biomass yield and feedstock composition affected by 
growing conditions influenced ethanol yield.   
 
TABLE 3.4. Ethanol Production per kg of Prairie Cordgrass and per Hectare[1,2,3].  
Year 2011 EtOH  (g/kg biomass) 
EtOH  
(kg/ha) 
IL-102 257.9  a 3,446  a 
PC29-106 233.2  b 2,354  b 
ND 238.2  b 2,114  b 
PC40-104 220.0  bc 2,078  bc 
PC09-101 205.0  c 1,399  c 
LSD[4] (α = 0.05) 18.9 682 
 
Year 2012 
EtOH  
(g/kg biomass) 
EtOH  
(kg/ha) 
PC09-101 216.0  c 1,792  bc 
PC40-104 214.7  c 2,273  ab 
ND 275.6  a  2,648  a 
PC46-105 252.7  b 2,462  a 
9046805 214.4  c 1,379  c 
LSD[4] (α = 0.05) 20.2 546 
[1] Order is from highest to lowest glucan concentrations in original untreated samples.   
[2] Ethanol yields (g/kg biomass and kg/ha) were limited by the low ethanol titer from SScF due to low 
solids content.   
[3] Ethanol yields followed by the same letter in a column are not different (P < 0.05). 
[4] LSD: Fisher’s protected least significant difference. 
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Fig. 3.2. Correlation among ethanol yields and compositions or biomass in original prairie 
cordgrass.  A, ethanol yields versus glucan concentrations;  B, ethanol yields versus xylan 
concentrations;  C, ethanol yields versus total sugars (glucan + xylan);  D, ethanol yields versus 
biomass yields 
 
Ethanol yields (g/kg biomass) had the weakest correlations with glucan concentrations in 
the raw PCGs, with correlation coefficients of 0.029 (Figure 3.2A).  Ethanol yields (kg/ha) were 
correlated with total sugar concentrations (sum of glucan and xylan) (r = 0.600) (Figure 3.2C).  
However, the strongest correlations were found between ethanol yields (kg/ha) and biomass 
yield (Mg/ha) (r = 0.955) (Figure 3.2D).   
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3.3.4. Comparisons of Bioethanol Feedstocks 
Compositions, biomass yields, and ethanol yields from PCGs, switchgrass, Miscanthus, 
corn stover and sugarcane bagasse were compared (Table 3.5).  According to NREL’s biomass 
feedstock composition and property (NREL 2014), unfractionated switchgrass had similar glucan 
(310 to 354 g/kg biomass) and xylan (204 to 239 g/kg biomass) compared to that of PCGs.  
However, corn stover had more glucan (340 to 381 g/kg biomass) and less xylan (160 to 216 
g/kg biomass) than PCGs and switchgrass.  Sugarcane bagasse had higher glucan (319 to 434 
g/kg biomass) and lower xylan concentration (106 to 231 g/kg biomass) than PCGs.  The lowest 
total lignin concentration was seen in PCGs as compared to Miscanthus, switchgrass, corn stover 
and bagasse.  
 
Theoretical ethanol yield (L/kg biomass) was calculated based on literature glucan and 
xylan concentrations of biomass.  Average theoretical ethanol yield of Miscanthus is 355 g/kg 
biomass.  PCGs, switchgrass, corn stover and bagasse have similar calculated theoretical ethanol 
yields, with an average of 316 g/kg biomass.  However, biomass yield of Miscanthus is 2 to 24 
times higher than other feedstocks, resulting in high ethanol yield (3,629 to 9,784 kg/ha).  
Although Miscanthus produces more ethanol per area of land, it is a nonnative grass and has 
narrow genetic variability (Lewandowski et al. 2003).  Unlike Miscanthus, switchgrass and 
PCGs are native perennial grasses with extensive genetic variation.  Although starch and sugar 
based crops achieve high ethanol production, ethanol yields per area of land from PCGs were 
comparable with those of switchgrass, corn stover and sugar bagasse.  From our study, ethanol 
yields from some populations of PCGs were achieved up to 3,446 kg/ha.  Ethanol productions 
from switchgrass, corn stover and bagasse are 1,736 to 3,106 kg/ha (Heaton et al. 2008; Schmer 
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et al. 2008), 710 to 1,420 kg/ha (Somerville et al. 2010) and 1,704 to 3,040 kg/ha (Somerville et 
al. 2010), respectively.   
 
3.4. Conclusions  
Genetic variation and growing conditions were found to affect PCG compositions, which 
had differences among PCG populations over two consecutive years.  Ethanol yields from 205 to 
276 g/kg biomass and 1,379 to 3,446 kg/ha were produced by S. cerevisiae SR8.  Ethanol yields 
(kg/ha) were correlated with biomass yields.  Compositions and ethanol yields of PCGs were 
comparable to those in switchgrass, corn stover and bagasse.  PCGs, which grow well on 
marginal lands, have potential to be a bioethanol feedstock.  
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Chapter 4. Potential of Cellulosic Ethanol Feedstock Grown on Marginal 
Land  
 
4.1. Introduction 
To supply a large amount of feedstock from biomass in an environmentally sustainable 
manner, it is recommended to grow perennial energy crops on marginal lands.  Marginal land is 
unsuitable for row crop production because it is sensitive to degradation due to steepness of 
terrain, climate conditions and soil constraints, such as low fertility, poor drainage, shallowness 
(with depth limitations within 50 cm of the surface caused by the presence of coherent and hard 
rock or hardpan) and salinity (TAC Secretariat 1997).  The total amount of marginal land within 
the US 48 contiguous states is 865,000 km2 or 11% of the total land (Milbrandt et al. 2014).  
Marginal lands in the eastern US are mostly abandoned farmland, but also include abandon 
forestry and mining lands, which are no longer in use due to economic, social, political or 
environmental reasons.  In the western US, barren land (consisting of bare rock, gravel, sand,  
silt, clay or other earthen material with little or no vegetation present) comprises the bulk of the 
marginal lands.  Estimated biomass yields from marginal lands in ten US Midwestern states were 
6 Mg/ha without fertilizer application and 8 Mg/ha with application of nitrogen at 68 kg/ha 
(Gelfand et al. 2013).   
 
Unlike annual crops, growing perennial plants as dedicated energy crops are ecologically 
beneficial for marginal lands.  Continuous plant cover and root development at greater depths 
improve soil and water quality and prevent erosion (Kort et al. 1998; Mann and Tolbert 2000).  
However, abiotic stresses (attributable to nonbiological environmental factors), such as low 
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fertility, poor drainage, shallowness and salinity cause low crop productivity.  For example, big 
bluestem and switchgrass grown on a backslope (the steepest position at the middle of a hill) 
near Brookings, SD, had 86 and 96% of the biomass yields of the same plants grown on a 
footslope (gently inclined surface at the base of a hill), respectively (Lee et al. 2009).  Prairie 
cordgrass (PCG) grown on gravelly marginal lands located on a shoulder upper backslope in 
Wessington Springs, SD, resulted in biomass yields of 0.81 to 1.83 Mg/ha (Boe et al. 2009).  In a 
companion study, the three PCG populations corresponding to the lowest yields (0.81, 1.22 and 
1.26 Mg/ha) were planted at the same time on fertile soil in Aurora, SD, and yielded 4.97 to 7.87 
Mg/ha of biomass (Boe and Lee 2007).   
 
High soil salinity is a major factor limiting biomass production on marginal lands (Quinn 
et al. 2015).  Due to decreased osmotic potential, dissolved salt ions in soil decrease water uptake 
by plants and high salt ion concentrations inhibit enzyme activity, both of which reduce growth 
rate (Munns 2002).  Richards et al. (1987) found a negative linear correlation between salt 
concentration in soil and grain and biomass yields of wheat, triticale and barley.  Among various 
dedicated energy crops, PCG (Spartina pectinata) has high salt tolerance, while Napier grass 
(Pennisetum purpureum) has low salt tolerance (Quinn et al. 2015).  Miscanthus spp. and 
switchgrass (Panicum virgatum) have moderate salt tolerance.  PCG has high salt tolerance 
because it excretes salt through glands evolved for this purpose located on the leaf surfaces (Kim 
et al. 2012).  In a greenhouse experiment, all PCG (population: Red River) survived up to 250 
mM NaCl (electrical conductivity of 27.8 dS/m) and 22% survived 500 mM NaCl (electrical 
conductivity of 45.8 dS/m) (Kim et al. 2012).  In contrast, switchgrass (cultivar: Cave-in-Rock) 
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had a survival rate of 68% at 150 mM NaCl (electrical conductivity of 10.7 dS/m) and none 
survived 500 mM NaCl.  
 
Poorly drained land subject to waterlogging or flooding is another common type of 
marginal land, where oxygen stress to the roots limits biomass production (Armstrong et al.  
1994; Barrett-Lennard 2003).  Lack of oxygen in poorly drained land also promotes anaerobic 
bacterial growth that produces toxic compounds, and accumulates ethylene, a plant hormone that 
causes early senescence.  Among feedstocks for biofuel, PCG has high flooding tolerance, while 
Indiangrass (Sorghastrum nutans) has low flooding tolerance (Quinn et al. 2015).  Skinner et al. 
(2009) evaluated flood tolerance of native warm season grasses including PCG, eastern 
gamagrass, big bluestem, little bluestem, switchgrass and Indiangrass; PCG had the highest flood 
tolerance.  Although switchgrass has moderate flood tolerance, lowland (Alamo and Kanlow) 
and upland (Cave-In-Rock and Blackwell) ecotypes of switchgrass have high tolerance to 
flooding (Barney et al. 2009).  Lowland ecotypes under flooded conditions had similar tiller 
production, tiller length, leaf area, biomass and photosynthetic water use efficiency compared to 
those from stress free conditions.  However, upland ecotypes were affected negatively by 
flooding.   
 
Numerous studies have focused on the effects of saline and flooding on biomass 
production.  However, no empirical data exists on conversion of this biomass to ethanol.  
Measuring ethanol production from biomass grown on abiotic stressed lands is an important step 
towards determining the actual potential for ethanol production using marginal lands.  Therefore, 
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in this study PCG and switchgrass were grown on waterlogged, saline and saltwater irrigated 
lands and affects of abiotic stresses measured on biomass composition and ethanol production.   
 
4.2. Materials and Methods  
4.2.1. Sample Selection  
Greenhouse grown seedlings of natural populations of PCG (PCG-109 and 17-109) and 
switchgrass (Kanlow) were transplanted to Urbana, IL (40° 04' N, 88° 11' W), Salem, IL (38° 32' 
N, 89° 01' W) and Pecos, TX (31° 22' N, 103° 37' W) during July 2011 (Table 4.1).  The farm in 
Urbana, IL, had seasonal waterlogging and poorly drained soil.  Soil at the Urbana location was a 
Flanagan silt loam with electrical conductivity of 0.96 dS/m at 0 to 15 cm soil depth and 0.39 
dS/m at 15 to 30 cm soil depth.  The field in Salem, IL, was salt affected due to spilled brine 
water injected into a nearby oil pump.  Soil at the Salem location was a Cisne-Huey silt loam 
with electrical conductivity of 7.35 dS/m at 0 to 15 cm soil depth and 4.92 dS/m at 15 to 30 cm 
soil depth.  The farm in Pecos, TX, required irrigation for cultivation.  Irrigation water at this site 
had an electrical conductivity of 4.4 dS/m.  From early May to the end of August, irrigation was 
performed weekly using 600 to 700 gal/min for two hours.  Soil at the Pecos location was a 
Hoban silty clay loam with electrical conductivity of 7.94 dS/m at 0 to 15 cm soil depth and 5.68 
dS/m at 15 to 30 cm soil depth.  Experimental plots were designed using a randomized complete 
block design.  Samples were harvested at the end of 2013.  Harvested samples were air dried 
until the moisture content was less than 5%.  Samples were ground using a heavy duty cutting 
mill (SM 2000, Retsch, Germany) to pass through a 1 mm screen.  Ground samples were stored 
in sealed containers at 4°C.   
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TABLE 4.1. Prairie Cordgrass and Switchgrass Growing Conditions.  
  Waterlogged land Saline land Irrigated land  
Location Urbana, IL  
(40° 04' N, 88° 11' W) 
Salem, IL  
(38° 32' N, 89° 01' W)  
Pecos, TX  
(31° 22' N, 103° 37' W) 
Soil type Flanagan silt loam Cisne-Huey silt loam Hoban silty clay loam 
Electrical conductivity    
 0 to 15 cm soil depth 0.96 dS/m  7.35 dS/m  7.94 dS/m  
 15 to 30 cm soil depth 0.39 dS/m  4.92 dS/m  5.68 dS/m 
Total precipitation  35.2 in 52.2 in 27.0 in 
 
4.2.2. Composition Analysis of Post Harvest and Pretreated Samples 
Biomass composition was analyzed using the NREL standard method as described in 
Section 3.2.2.  All analyses were done in duplicate.  Water and ethanol soluble extractives were 
removed from the samples via a Soxhlet method (Sluiter et al. 2008b).  Water extraction 
removed tannins, gums, sugars, starches and coloring matter.  Ethanol extraction removed  
waxes, fats and resins.  Plant cell carbohydrates were extracted using a two stage sulfuric acid 
hydrolysis protocol (Sluiter et al. 2011).  Released sugars were measured by HPLC (Aminex 
HPX-87P, Bio-Rad, Hercules, CA).   
 
4.2.3. Pretreatment  
Pretreatment was performed at 160°C for 10 min in a fluidized sand bath (section 3.2.3) 
using a modified NREL procedure (Hsu 1995).  Batch tubular reactors described in Section 3.2.3 
were used.  Pretreatment was conducted at 20% solids with a loading of 2 g dry solids per reactor 
and 8 ml of 1% w/w sulfuric acid, in three replications.  Whole pretreated samples were 
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transferred to a preweighed sterilized 25 ml bottle (Pyrex, Corning, NY) and simultaneous 
saccharification and cofermentation (SScF) was conducted.  
 
4.2.4. Yeast Inoculation 
Proprietary industrial Saccharomyces cerevisiae that can ferment C5 and C6 sugars 
simultaneously was cultured in YPD medium (per L: 20 g bactopeptone, 10 g yeast extract and 
10 g glucose).  Yeast seed cultures were incubated in an incubation shaker (Classic series, 
Brunswick Scientific, Enfield, CT) set at 35°C and 225 rpm until the optical density at 600 nm 
(OD600nm) reached 4.  Yeast cells were recovered by centrifugation (CL30, Thermo Scientific, 
Waltham, MA) at 3,500 rpm (2,305 x g) for 5 min.  The pellet was resuspended to an OD600nm of 
50 in phosphate buffer saline (PBS, per L: 8.5 g NaCl, 0.3 g anhydrous KH2PO4, 0.6 g anhydrous 
Na2HPO4, and 0.1 g peptone).  
 
4.2.5. Simultaneous Saccharification and Cofermentation  (SScF) 
SScF was conducted in aseptic conditions with three replications.  YP (2% peptone and  
1% yeast extract, final concentration) and sodium citrate buffer (50 mM final concentration, pH 
6.0) were added to the hydrolysate prior to adjusting the pH to 6.0 using Ca(OH)2.  Cellulase 
(0.215 ml Cellic CTec2 (cellulase) that corresponded to 30 FPU/g) and hemicellulases (0.054 ml 
Cellic HTec2) were added per g of biomass (dry basis, d.b.).  Enzymes were generously supplied 
from Novozymes (Franklinton, NC).  Yeast was inoculated to an initial OD600 of 1.  Distilled 
water was added to bring the volume of the reaction to 10% solids content.  Control flasks were 
prepared containing all constituents except substrate and used to adjust for sugar background 
levels.   
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Samples were incubated for SScF in an incubation shaker (Classic series, Brunswick 
Scientific, Enfield, CT) set at 35°C and 100 rpm.  To measure sugar and ethanol concentrations, 
cultures were sampled at 0, 4, 8, 24, 48, 72 and 96 hr.  Sampling at 0 hr was performed before 
addition of enzymes and yeast.  Samples were centrifuged at 12,000 rpm (13,400 x g) (Model 
5415 D, Brinkmann-Eppendorf, Hamburg, Germany) and the supernatant was analyzed using 
HPLC (Aminex HPX-87H, Bio-Rad, Hercules, CA).  To account for background sugar and 
ethanol concentrations, sugar and ethanol concentrations in the enzyme blank flasks were 
subtracted from the sugar and ethanol concentrations in the SScF samples.  Ethanol conversion 
yields were calculated as the ratio of the final and theoretical maximum ethanol concentrations.  
Theoretical ethanol concentrations were calculated from glucan and xylan contents of the 
beginning biomass.    
 
4.2.6. Calculations and Statistical Analysis 
All data are reported as dry basis (d.b.) of biomass.  Ethanol conversion yields were 
calculated based on the sum of glucan and xylan concentrations in beginning biomass samples.  
Ethanol yields (kg/ha) were calculated as the product of ethanol yields (g/kg biomass) and 
biomass yields (Mg/ha).   
 
Fisher’s protected least significant difference (LSD) was performed with 95% confidence 
level for means of biomass composition, ethanol conversion, biomass yields and ethanol yields 
(g/kg biomass and kg/ha).  Pearson’s product moment correlation coefficient (r) was calculated, 
and significances were evaluated by a two tailed test with alpha of 0.05. 
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4.3. Results and Discussion  
4.3.1. Feedstock Compositions  
Among samples from three locations, those grown on saltwater irrigated land had 2.8 fold 
higher total ash concentrations than those grown on saline and waterlogged lands (Table 4.2).  
Waterlogged land had low electrical conductivity, while saline and irrigated lands had high 
electrical conductivities, which was approximately 7.5 dS/m at 0 to 15 cm soil depth for both 
(Table 4.1).  Electrical conductivity is determined by dissolved ions in soil, not all of which are 
taken up by plants.  Since seawater was used for irrigation, a high concentration of NaCl, the 
most abundant salt in seawater, was present in the irrigated land soil.  In a prior study, ash 
accumulation in Miscanthus x giganteus increased as NaCl concentration increased in irrigation 
water (Stavridou et al. 2016).  Therefore, saline and irrigated lands had different soil mineral 
profiles, and minerals in irrigated land were more readily taken up by plants.  Due to high ash 
concentration in PCG and switchgrass grown on irrigated land, samples irrigated with saltwater 
had 1.8 fold lower glucan and 1.2 fold lower xylan concentrations compared to samples grown 
on waterlogged and saline lands.   
 
Among samples grown on waterlogged land, the highest total ash concentration was 
observed for PCG-109 and the greatest xylan content for Kanlow.  Among samples grown on 
saline land, PCG-109 had a higher total ash content than 17-109 and Kanlow.  Kanlow had 
higher xylan concentrations and 17-109 had higher glucan concentrations compared to other 
samples.  Regardless of the treatment, PCG-109 had the highest total ash concentrations 
followed by 17-109 and Kanlow.  Similar glucan concentrations were observed among all 
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samples.  Kanlow had higher xylan concentrations compared to PCG-109 and 17-109.  There 
results agree with those of Cybulska et al. (2012), where it was observed that PCG and 
switchgrass had similar glucan concentrations, while PCG had lower xylan and higher ash 
concentrations than switchgrass.  
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4.3.2. Simultaneous Saccharification and Cofermentation  
For grasses grown on waterlogged land, initial xylose concentrations of PCG-109,  
17-109 and Kanlow were 19, 18 and 21 g/L, respectively (Figure 4.1).  The xylose present at 0 hr 
arose solely from the dilute acid pretreatment since enzyme and yeast were added after 0 hr 
sampling.  Xylose concentrations decreased from the beginning of SScF, which was indicative 
that yeast fermented xylose simultaneously with glucose.  Xylose concentrations at 96 hr were 
0.42, 0.41 and 0.74 g/L from PCG-109, 17-109 and Kanlow, respectively.  Initial glucose 
concentrations in samples grown on waterlogged land were 3 g/L.  For all samples, glucose 
concentrations increased between 0 to 4 hr because glucose production exceeded its consumption 
by yeast.  The highest glucose concentrations were seen at 4 hr.  From 8 hr, yeast fermented 
glucose as fast as it was released, resulting in no accumulated glucose in the SScF bottles.  
Ethanol concentration increased the fastest within the first 24 hr.  PCG-109, 17-109 and Kanlow 
had 20, 19 and 21 g/L ethanol concentration at 24 hr, respectively.  At 96 h, Kanlow (26 g/L) had 
the highest ethanol concentration; PCG-109 (23 g/L) and 17-109 (22 g/L) had similar ethanol 
concentrations.  
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Fig. 4.1. Sugar and ethanol concentration profiles during simultaneous saccharification and 
cofermentation.  Error bars represent ±1 standard deviation. 
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A similar pattern was observed for samples from grasses grown on saline land (Figure 
4.1).  Most xylan (80%) in biomass was hydrolyzed during dilute acid pretreatment.  Kanlow 
was more susceptible to dilute acid pretreatment, resulting in a higher xylose concentration in 0 
hr hydrolysate.  Initial xylose concentrations of PCG-109, 17-109 and Kanlow were 19, 21 and 
26 g/L, respectively.  Yeast fermented xylose simultaneously with glucose.  Little xylose was left 
at 96 hr.  Xylose concentrations at 96 hr of PCG-109, 17-109 and Kanlow were 0.41, 0.53 and 
1.37, respectively.  Glucose concentration increased until 4 hr and then decreased.  From 8 hr, 
glucose production and consumption rates of PCG-109 and 17-109 were similar, resulting in no 
accumulated glucose in the hydrolysate.  However, glucose concentration in Kanlow hydrolysate 
cultures did not reach 0 until 24 hr.  Corresponding to glucose concentrations, ethanol production 
from Kanlow was lower than PCG-109 and 17-109 in the beginning of SScF.  However, after 24 
hr, Kanlow had the highest ethanol concentration followed by 17-109 and PCG-109.  At 96 hr, 
ethanol concentrations of PCG-109, 17-109 and Kanlow were 23, 27 and 30 g/L, respectively.  
 
For grasses irrigated by saltwater, Kanlow hydrolysates had 64% higher initial xylose 
concentration than PCG-109 and 17-109 (Figure 4.1).  Similar to grasses grown on waterlogged 
and saline lands, yeast cofermented glucose and xylose.  Yeast did not ferment glucose present in 
Kanlow hydrolysates as fast as from PCG-109 and 17-109 hydrolysates.  However, high ash 
concentrations in samples grown on irrigated land did not affect yeast fermentation.  At 96 hr 
SScF, no glucose was detected; xylose conccentrations were 0.53, 0.49 and 0.60 g/L from  
PCG-109, 17-109 and Kanlow cultures, respectively.  At 92 hr, ethanol concentrations of 
Kanlow cultures (26 g/L) were 33% higher compared to those of PCG-109 (19 g/L) and 17-109 
(20 /L).   
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4.3.3. Ethanol Production  
Ethanol productions and conversions are summarized in Table 4.3.  Ethanol conversions 
were calculated based on sum of glucan and xylan contents of the beginning biomasses.  Within 
the same location, Kanlow produced the highest ethanol yield per kg biomass on a dry basis 
(d.b.).  Not only did Kanlow cultures have the highest ethanol production, but also it had the best 
ethanol conversion compared to those of PCG-109 and 17-109 within the same field treatment.  
The cell wall of Kanlow was less recalcitrant (e.g. less lignin compared to others), resulting in 
greater enzyme accessibility to cellulose fibers and, therefore, higher ethanol conversion 
compared to PCG-109 and 17-109.  In addition, Kanlow had 9 to 30% higher xylan contents and 
36 to 48% lower ash contents than the other grasses grown at the same location.  
 
Comparing waterlogged, saline and saltwater irrigated lands, ethanol yields from greatest 
to least were saline land (255 g/kg biomass), waterlogged land (226 g/kg biomass) and saltwater 
irrigated land (206 g/kg biomass).  The low ethanol production (g/kg biomass) from grasses 
cultivated on saltwater irrigated land was due to their high total ash contents.  High ash contents 
diluted out carbohydrate contents leading to lower ethanol yields on a biomass mass basis.  
Ethanol production (g/kg biomass) was inversely correlated with total ash content with -0.76  
(Fig. 4.2).  Ethanol production (g/kg biomass) was positively correlated with grass xylan content 
with 0.88.  Ash is composed of inorganic matter such as silica and alkali salts.  Salts in ash can 
inhibit ethanol fermentation along with phenols, furans and carboxylic acids, which have a 
negative effect on cell membrane function, growth and glycolysis in yeast and bacteria (Klinke et 
al. 2004).  Casey et al. (2013) studied effects of salts (NaCl, KCl, NH4Cl, Na2SO4, K2SO4 and 
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(NH4)2SO4) on glucose and xylose cofermentation and concluded that salts reduced cell growth, 
sugar consumption rate and ethanol production rate.  Notable salts inhibited xylose consumption 
more than glucose consumption.  In contrast to previous findings, ash was not observed to inhibit 
yeast fermentations, which could be inferred by depletion of sugars by 96 hr in the SScFs.  
 
TABLE 4.3. Ethanol Conversion and Production at 96 hr SScF[1].   
Stress Sample 
EtOH 
conversion[2] 
(%) 
EtOH  
(g/kg biomass 
(dry basis)) 
Biomass 
yields  
(Mg/ha) 
EtOH  
(kg/ha) 
Waterlogged PCG-109 65.6  b 219  b 11.6  a 2540  b 
 17-109 62.7  b 212  b 12.3  a  2608  b 
 Kanlow 70.1  a 246  a 14.9  a 3665  a 
 Means 66.1 226 12.9 2938 
LSD[3] (α = 0.05) 3.15 10.6 NS[4] 131.6 
Salinity PCG-109 72.6  b 226  c 8.80  a 1989  c 
 17-109 73.6  b 255  b 10.7  a 2728  a 
 Kanlow 83.7  a 285  a 8.99  a 2562  b 
 Means 76.6 255 9.46 2426  
LSD (α = 0.05) 4.33 13.7 NS 123.9 
Saltwater 
irrigation 
PCG-109 69.4  b 186  b 3.89  b 723.5 c 
17-109 65.6  c 177  b 6.28  b 1111  b 
Kanlow 87.0  a 255  a 22.8  a 5814  a 
 Means 74.0 206 11.0 2549 
LSD (α = 0.05) 3.29 9.07 5.60 122.7 
[1] Ethanol yields followed by the same letter in a column are not different (P < 0.05), testing difference of 
means between samples across the same type of land. 
[2] Ethanol conversion yields were calculated based on sum of glucan and xylan concentrations in raw 
biomass (dry basis).   
[3] LSD: Fisher’s protected least significant difference for a given stress. 
[4] NS: Not significant. 
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Fig. 4.2. Correlations among ethanol production and compositions (dry basis).  A, Total ash;  B, 
glucan;  C, xylan;  D, total sugar (glucan + xylan). Fig. 4.2. Correlations among ethanol 
production and compositions.  A, Total ash;  B, glucan;  C, xylan;  D, total sugar (glucan + 
xylan). 
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Quinn et al. 2015).  PCG-109 and 17-109 originated from South Dakota and Illinois,  
respectively.  Unlike Kanlow, which was adapted to southern regions of the US (McLaughlin 
and Adams Kszos 2005), PCG was not adapted to the Texan environment.  When a plant is 
grown on land located far from its origin, it experiences differences in temperature, winter 
conditions, and plant growing season duration, which negatively affect biomass growth (Vogel et 
al. 2005).  
 
Among samples grown on waterlogged land, Kanlow had the highest ethanol production 
per hectare (Table 4.3).  For saline land, 17-109 produced higher ethanol per hectare compared to 
Kanlow, followed by PCG-109. For irrigated land, Kanlow had higher ethanol production per ha 
compared to PCGs because of higher biomass yields.  Ethanol production per ha was correlated 
to biomass yield by 0.984.  Similar results were observed previously that ethanol production per 
ha had a high correlation to biomass yields and a low correlation to carbohydrate contents (Kim 
et al. 2015a).   
 
4.4. Conclusions   
Field conditions affected biomass composition.  Grasses grown with saltwater irrigation 
had 1.8 fold lower glucan, 1.2 fold lower xylan and 2.8 fold higher total ash per kg biomass  
(d.b.) compared to grasses grown on other conditions.  The commercial engineered S. cerevisiae 
strain cofermented glucose and xylose.  Kanlow had higher ethanol production (g/kg biomass) 
and conversion for the same treatment compared to PCG-109 and 17-109.  Samples grown on 
saltwater irrigated land had the lowest ethanol production (g/kg biomass) compared to samples 
grown on waterlogged or saline lands, which was due to high total ash and low carbohydrates.  
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However, yeast was not inhibited completely by the salts present in ash and fermented 
carbohydrates.  Biomass yields affected ethanol production per ha regardless of field treatment.   
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Chapter 5. Improvement of Sugar Yields from Corn Stover by Hot Water 
Pretreatment Followed by Disk Milling3  
 
5.1. Introduction  
Several challenges exist in cellulosic biofuel production, including feedstock supply and 
pretreatment.  To supply a large amount of feedstock, various types of feedstock are required.  
Also, growing perennial energy crops on marginal lands could increase feedstock production.  In 
Chapter 3, prairie cordgrass (PCG) was investigated as a new variety of feedstock.  In Chapter 4, 
ethanol productions from PCG grown on waterlogged, saline and saltwater irrigated lands were 
evaluated.  
In addition to feedstock supply, efficient pretreatment is essential for economic 
conversion of cellulosic biomass into monosaccharides for biofuel production.  Recently, 
combining chemical/aqueous pretreatment and physical pretreatment has gained attention in 
cellulosic ethanol processing (Chen et al. 2013; Chen et al. 2014; Hideno et al. 2012; Zhu et al. 
2010).  Combining chemical/aqueous pretreatment with mechanical grinding has synergistic 
effects to reduce particle size, decrease cellulose crystallinity and increase accessible specific 
surface (Huo et al. 2013).  As a result, combining pretreatments improves sugar yields in 
enzymatic saccharification, shortens overall saccharification time (Chen et al. 2013), and lowers 
needed enzyme loading.  To develop a simple integrated two step pretreatment process, 
chemically pretreated samples should be processed directly by mechanical grinding without 
neutralization, separation or adjustment of solids loading.  There have been few reports that 
describe the direct application of disk milling following a chemical pretreatment.  Although hot 
																																								 																				
3Published in Bioresour. Technol. (2016) 216:706-713. 	
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water pretreatment is mild, samples in these reports were washed (Ertas et al., 2014; Zakaria et 
al., 2015) or filtered (Inoue et al., 2008; Sasaki et al., 2015) before milling.  Therefore, the 
objective of this study was to evaluate hot water pretreatment directly followed by disk milling 
for pretreating corn stover at 20% solids.  Corn stover was used because it has been researched 
widely and is abundant.  It is also presently the primary feedstock for commercial cellulosic 
ethanol production.  The effects of post treatment disk milling (9 cycles) on enzymatic 
hydrolysis, size reduction and energy consumption will be discussed.  The second objective of 
this study was to investigate dilute acid pretreatment at two severities combined with disk 
milling.  Results from the hot water and dilute acid pretreatments combined with disk milling 
will be compared for sugar yields.  
 
5.2. Materials and Methods  
5.2.1. Feedstock  
Corn stover harvested in 2012 was obtained from the University of Illinois South Farm in 
Urbana, IL.  Samples were oven dried at 49°C until the moisture content in the samples was less 
than 5%.  Samples were ground by a hammer mill (W-8-H, Schutte-Buffalo Hammermill, 
Buffalo, NY) using 3/32 in (2.38 mm) sieve size.  Ground samples were stored in sealed 
containers at 4°C.   
 
5.2.2. Composition Analysis of Raw and Pretreated Corn Stover 
Compositions of raw and pretreated samples were analyzed in duplicate by the NREL 
standard method as described in Section 3.2.2.  
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5.2.3. Severity Factor 
Severity factor that incorporated an acidity function was named as combined severity 
factor (cSF) and was defined as (Chum et al. 1990): cSF = log𝑅′ = log𝑅! − 𝑝𝐻, 𝑅! = 𝑡 ∙ exp {(𝑇 − 𝑇!)/14.75}, 
where t was reaction time (min), T was target temperature (°C), TR was reference temperature 
(100°C), and the pH was that of the pretreated liquor.  In our case, reaction time was sum of time 
at target temperature and corrected heating and cooling time whose rate constants were adjusted 
relative to the rate constant of actual time at target temperature.  For comparison of hot water and 
dilute acid pretreatments, combined severity factors were calculated in both pretreatment 
conditions.  Detailed cSF calculation can be found in Appendix A.  
 
5.2.4. Hot Water and Dilute Acid Pretreatment  
Corn stover was pretreated in a stainless steel Parr reactor (20 L) (Model 4557, Parr 
Instruments, Moline, IL) fitted with an anchor stirrer.  Stirrer speed was adjusted by a geared 
direct drive motor (700 Series, Boston Gear, Charlotte, NC).  The reactor was covered with a 
flexible mantle heater used as a heat source.  A thermocouple was sealed in a 1/8 in diameter 
stainless steel sheath and connected to a reactor controller (4848M, Parr Instruments, Moline, IL) 
which controlled temperature, stirring speed and monitor pressure.   
 
All pretreatments were conducted at 20% solids content by mixing 400 g biomass (dry 
basis (d.b.)) with 1.6 L tap water or dilute acid.  Five hot water pretreatment conditions were 
chosen at temperatures of 160 to 200°C and operation times of 4 to 8 min.  Detailed pretreatment 
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conditions for hot water are summarized in Table 5.1.  Dilute acid pretreatment conditions were 
modified from previous reports, stating that high sugar yields were achieved with a combined 
severity factor (cSF) of 1.5 (Lloyd and Wyman 2005; Schell et al. 2003).  cSF values of 1.46 and 
1.01 were chosen as high and mild dilute acid severity conditions to compare to hot water 
pretreatment alone.  Corn stover was pretreated at 150°C for 4 min with 1.0% w/w sulfuric acid 
(DA, 1.0% at 150°C for 4 min) for cSF 1.46 and at 160°C for 4 min with 0.55% w/w sulfuric 
acid (DA, 0.55% at 160°C for 4 min) for cSF 1.01.  Pretreated sample pH was measured; heating 
and cooling temperatures were recorded every 5 min.  Due to the large amount of samples used, 
pretreatments were performed one time at a given condition due to the large amount of samples 
used.  
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5.2.5. Disk Milling 
Disk milling (Quaker City grinding mill model 4E, Straub Co., Philadelphia, PA) was 
carried out after hot water or dilute acid pretreatment.  To reduce water usage, disk milling was 
performed at the same solids loading (20%) as pretreatment.  Hot water pretreated samples were 
milled without any washing or neutralization steps.  Dilute acid pretreated samples were washed 
by vacuum filtration with 10 ml deionized water per g of wet sample and dewatered to 20% 
solids content for milling.  Wet samples (150 g) were fed into the mill.  The clearance between 
stationary and rotating disks was zero (minimal gap).  The output speed of the mill was 89 rpm.  
Samples were ground 9 times consecutively.  In the preliminary study, milling cycles of 3, 6 and 
9 were evaluated using dilute acid pretreated samples.  The sample with 6 milling cycles had  
30% higher glucose yields than the sample with 3 milling cycles.  Glucose yields increased by an 
additional 10% after 9 milling cycles compared to 6 milling cycles.  Therefore, 9 milling cycles 
were chosen in this study.  Disk milling electrical energy usage was recorded using an electricity 
usage monitor (Kill A Watt P4480, P3 International, New York, NY). 
 
5.2.6. Hydrolysis 
Following hot water or dilute acid pretreatment and disk milling, enzyme hydrolysis was 
conducted similar to the procedure discussed in NREL LAP-009 (Brown and Torget 1996), with 
modifications.  Hydrolysis was conducted at 10% solids content in 50 ml polypropylene 
centrifuge tubes (Corning Inc., NY).  Samples with known moisture content, which were 
determined by LAP-001 (Ehrman 1994), were added to preweighed tubes.  Citrate buffer (pH  
4.2, 1 M) was added to obtain a final concentration of 0.05 M.  Per gram of biomass (d.b.), 15.6 
mg of cellulase eWB-CB (received from DSM Biobased Products & Services (Elgin, IL,  
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U.S.A.)) was added, which is a proprietary cocktail of thermophilic enzymes.  Distilled water 
was added to bring the volume of the reaction to 10% solids content.  Substrate blank flasks were 
prepared the same as the reaction flasks except no enzyme was added to them.  An enzyme blank 
flask was prepared consisting of all reaction constituents except substrate. 
 
Hydrolysis was performed on all prepared samples with substrate blank and enzyme 
blank flasks in a water bath (Gyromax 939XL, Amerex Instruments, Inc., Lafayette, CA) set at 
62°C and 75 rpm.  Aliquot samples (1 ml) were taken at 0 and 72 hr for glucose and xylose 
determinations.  Each sample was centrifuged at 10,000 rpm (9,300 x g) (Model 5415 D, 
Brinkmann-Eppendorf, Hamburg, Germany) and the supernatant was analyzed using HPLC.  To 
remove background glucose concentration, glucose concentration in the enzyme blank flask was 
subtracted from the glucose concentrations in the hydrolysis samples.  
 
Enzyme hydrolyses were conducted in duplicates.  For hot water pretreated samples, 
sugar yields were calculated as the ratio of the amounts of monomer sugars present in 
hydrolysate and the corresponding carbohydrate contents in the original samples.  Since dilute 
acid pretreated samples were washed after the pretreatment, sugar yields were calculated by 
combining sugar yields in soluble solids from pretreatment and insoluble solids from enzymatic 
hydrolysis.  
 
5.2.7. Particle Size Analysis 
Samples were diluted with DI water to 1 mg/ml for size analysis.  A particle size 
distribution range from 0.01 to 3,500 µm was measured using a laser diffraction size analyzer 
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(Malvern Mastersizer 3000 with Hydro EV unit, Malvern, UK) with 100 measuring points.  
Refractive index, absorption index and sample density were set to 1.4, 2.8 and 3.0 lb/ft3, 
respectively.  Percent volume was acquired and used to determine mean particle size.   
 
5.3. Results and Discussion  
5.3.1. Compositions of Raw and Hot Water Pretreated Corn Stover 
Corn stover was comprised of 35.1% glucan, 20.6% xylan and 14.5% lignin based on dry 
weight.  Compositions were in agreement with previously reported values, which were 32 to  
36% glucan, 16 to 22% xylan and 11 to 16% lignin (Chen et al. 2013; Weiss et al. 2010).  
Compositions of insoluble solids of pretreated samples are summarized in Table 5.2.  For the hot 
water pretreated samples, sample order is from the lowest to the highest severity factor.  Higher 
severity factor indicates harsher pretreatment conditions (Table 5.1).  As the severity factor 
increased, glucan and lignin contents in the insoluble solids of the pretreated samples increased 
from 42 to 53% and from 21 to 38%, respectively.  The increasing glucan and lignin contents 
with higher severity factor were due to hemicellulose solubilization during pretreatment.  
Hemicellulose in the insoluble solids of the pretreated samples decreased from 22% to below 
detection limits as severity factor increased from −1.39 (HW at 160°C for 4 min) to 1.01 (HW at 
200°C for 4 min).  Similar results were found by Ertas et al. (2014) that more hemicellulose was 
solubilized into pretreatment liquor at harsher pretreatment conditions, resulting in lower residual 
xylan.  
 
Compositions in hot water pretreatment liquor corresponded with compositions in hot 
water pretreatment insoluble solids (Table 5.3).  As severity factor increased from −1.39 to 1.01, 
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more acetic acid was produced, increasing from 0.60 to 2.88 g/L.  Harsher pretreatment 
conditions more effectively hydrolyzed hemicellulose because acetic acid was generated by 
hydrolysis of acetyl groups bonded to hemicellulose.  As a result, xylose (monomeric) in the 
pretreatment liquor increased from 0.39 to 2.26 g/L as severity factor increased from −1.39 (HW 
at 160°C for 4 min) to 0.27 (HW at 180°C for 8 min).  However, at the highest severity factor 
tested for hot water (HW at 200°C for 4 min), xylose in the pretreatment liquor decreased.  A 
similar trend was seen for xylooligosaccharides (XOS) in the pretreatment liquor, where the 
concentration increased until a severity factor of −0.26 (HW at 180°C 4 min) and then decreased 
at harsher pretreatment conditions.  Xylose and XOS concentrations decreased because of 
degradation to furfural by an acid catalyzed thermochemical process.  At the harsher 
pretreatment conditions, furfural can be converted into formic acid (Jonsson et al. 2013).  Similar 
to xylose degradation, glucose degrades to hydroxymethylfurfural (HMF) that can be converted 
into either formic acid or levulinic acid at harsher pretreatment conditions (Jonsson et al. 2013).  
Samples pretreated at 200°C for 4 min generated 10 fold higher formic acid concentrations 
compared to samples pretreated at 160°C for 4 min.  Also, 0.36 g/L HMF was detected in 
samples pretreated at 200°C for 4 min.  No levulinic acid was detected in any pretreatment 
conditions.  
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TABLE 5.2. Compositions (% w/w) of Insoluble Solids of Pretreated Samples[1,2]. 
Sample[3]   
Glucan 
(%w/w)  
Xylan  
(%w/w) 
Lignin[4]  
(%w/w) 
HW[5] at 160°C for 4 min 41.9  c 21.7  a 21.2  f 
HW at 160°C for 8 min 42.3  c 21.7  a 22.0  e 
HW at 180°C for 4 min 50.4  b 12.3  b 25.8  d 
HW at 180°C for 8 min 52.6  ab 5.95  e 31.8  b 
HW at 200°C for 4 min 50.3  b BDL[6] 37.9  a 
DA[7], 0.55% at 160°C for 4 min 51.9  ab 9.39  c 27.8  c 
DA, 1.0% at 150°C for 4 min 54.7  a 7.71  d 28.3  c 
LSD[8] (α = 0.05) 3.01 0.606 0.653 
[1] Data are the mean of duplicate sample measurements. 
[2] Compositions followed by the same letter in a column are not different (P < 0.05), testing difference of 
means across pretreatment condition. 
[3] Sample order is from the lowest to the highest severity factor.  
[4] Lignin is sum of acid insoluble and acid soluble lignin. 
[5] HW: Hot water pretreatment.   
[6]BDL: Below HPLC detection limit (0.001% w/w) and considered as 0.00% for statistical analysis.  
[7] DA: Dilute acid pretreatment.   
[8] LSD: Fisher’s protected least significant difference. 
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5.3.2. Effects of Disk Milling on Sugar Yields  
In untreated samples, glucose yields improved by 2.5 fold and xylose yields improved by 
4.6 fold after wet disk milling (Figure 5.1).  Disk milled untreated corn stover samples had 
similar glucose yields (48.7%) as samples treated with HW at 180°C for 4 min without milling 
(50.2%), which represented the highest glucose yields among samples treated with hot water 
without milling.  Disk milling itself is an effective pretreatment method to increase sugar yields, 
as previously reported (Hideno et al. 2009; Zhang et al. 2013).  As mentioned in Chapter 2, disk 
milling induces Class II size reduction (Leu and Zhu 2013); as a consequence, disk milled 
samples had comparable sugar yields to hot water pretreated samples (Figure 5.1).   
 
Hot water pretreatment followed by disk milling had synergistic effects in increasing 
sugar yields in enzymatic hydrolysis (Figure 5.1).  In all hot water pretreatment conditions, disk 
milling increased glucose yields by 34 to 89% and xylose yields by 4 to 134%.  However, for 
harsher hot water pretreatment conditions (severity factor ≥ 0.27), there was minimal 
improvement in xylose yield.  Glucose and xylose yields of hot water pretreated samples without 
milling were from 26.5 to 50.2% and from 1.9 to 52.2%, respectively.  With disk milling as post 
treatment, glucose yields ranged from 47.7 to 79.1%, while xylose yields ranged from 4.5 to 
54.3%.  Samples treated with HW at 180°C for 4 min with disk milling achieved the highest 
glucose and xylose yields.  
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5.3.3. Effects of Particle Size and Inhibitors on Enzymatic Hydrolysis  
Hot water pretreatments reduced particle size (Figure 5.2, blue traces).  Average particle 
size of raw biomass was 735 µm (Table 5.4).  Particle size decreased by 38 to 58% after hot 
water pretreatment.  One narrow peak was observed in raw biomass; after hot water 
pretreatments, peaks were shifted to the left and bimodal distributions were observed.  The 
smallest average particle size was found in HW at 180°C for 4 min (306 µm).   
 
Disk milling reduced particle size (Figure 5.2, red traces).  The large particle peak in the 
bimodal distribution disappeared, and curves were left shifted further than those of nonmilled 
samples.  After disk milling, HW untreated, HW at 160°C for 4 min and HW at 160°C for 8 min 
samples had mean particle sizes of 128, 105 and 130 µm, respectively.  Greater size reduction 
was achieved in samples pretreated above 180°C.  Particle sizes of disk milled HW at 180°C for 
4 min, HW at 180°C for 8 min and HW at 200°C for 4 min samples were 46.5, 58.2 and  
36.6 µm, respectively (Table 5.4).  One possible explanation was that lignin was melted above 
180°C, siphoned to the surface, and formed droplets on the cell wall (Donohoe et al. 2008), 
which made pretreated biomass more susceptible to shear forces from disk milling.  
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TABLE 5.4. Mean Particle Size of Hot Water Pretreated Samples and Milling Energy 
Consumption[1,2]. 
Sample[3]   
Particle size  
before milling 
(µm) 
Particle size  
after milling   
(µm) 
Milling energy  
consumption  
(kWh/kg) 
Untreated  735  a 128  b 16.3 
HW[4] at 160°C for 4 min 338  e 105  c 9.84 
HW at 160°C for 8 min 487  b 130  a 13.0 
HW at 180°C for 4 min 306  f 46.5  e 8.83 
HW at 180°C for 8 min 432  c 58.2  d 6.00 
HW at 200°C for 4 min 383  d 36.6  f 8.19 
LSD[5] (α = 0.05) 1.07 1.21  
[1] Data are the mean of duplicate sample measurements. 
[2] Particle size and milling energy followed by the same letter in a column are not different (P < 0.05), 
testing difference of means across pretreatment condition. 
[3] Sample order is from the lowest to the highest severity factor.  
[4] HW: Hot water pretreatment. 
[5] LSD: Fisher’s protected least significant difference. 
 
Particle size reduction by milling did not explain completely the increased sugar yields.  
Average particle size and sugar yields were inversely correlated (r = −0.43).  The smallest 
average particle size (36.6 µm) was achieved from HW at 200°C for 4 min with disk milling, but 
were accompanied by low glucose yields.  Size reduction was an important parameter to increase 
enzyme digestibility, but crystallinity, surface area and pore volume also affected hydrolysis rate 
(Leu and Zhu 2013).  Moreover, components such as xylan and lignin are competitive inhibitors 
of cellulase, lowering their overall activity (Nakagame et al. 2011).  Cellulase has higher 
adsorption affinity for xylan than glucan, and β-glucosidase has greater affinity for lignin than 
cellobiose (Qing and Wyman 2011).  In addition, byproducts from pretreatment, including 
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phenolic compounds, organic acids, furan aldehydes, inorganic ions and bioalcohols, may act as 
competitive inhibitors to enzymes (Jing et al. 2009; Jonsson et al. 2013).  Inhibitors generated 
during pretreatment affected sugar yields (Figure 5.1 and Table 5.3), which were the same trends 
in sugar yields from hot water pretreated samples both with and without disk milling.  Samples 
treated with HW at 180°C for 4 min released the largest amount of oligomeric sugars (1.78% 
glucan and 6.79% xylan) (Table 5.3).  As a result, fewer inhibitors were formed, and the highest 
glucose and xylose yields were achieved after hydrolysis.  Even though HW at 180°C for 8 min 
was the most effective condition to deconstruct biomass structure and resulted in the largest 
amount of glucose and xylose release, relatively high amounts of inhibitors were generated, 
which negatively impacted sugar yields.  In particular, sugar yields were decreased from samples 
in which furfural was detected (HW at 180°C for 8 min and HW at 200°C for 4 min). 
 
5.3.4. Effects of Hot Water Pretreatment on Disk Milling Energy Consumption  
Advantages of disk milling after chemical/aqueous pretreatment are a reduction in energy 
consumption and increased sugar yield.  Energy consumption of disk milling depends upon 
process cycles, disk gap, sample moisture and viscosity, initial particle size and type of feedstock 
(Chen et al. 2014; da Silva et al. 2010; Hideno et al. 2009; Zhu et al. 2010).  In this study, after 9 
cycles of wet disk milling with minimal disk gap, raw corn stover with 20% moisture consumed 
16.3 kWh per kg biomass(d.b.), which was 20 to 63% higher energy consumption than hot water 
pretreated corn stover samples (Table 5.4).  Physicochemical pretreatment before disk milling 
swelled the biomass structure and made it more susceptible to shear forces from disk milling 
(Zhu et al. 2010).  Especially, hemicellulose removal during physicochemical pretreatment 
increased the pore size within the biomass and weakened the biomass matrix, which might 
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reduce energy consumption for milling (Zhu et al. 2010).  Energy consumption of HW at 160°C 
for 4 min, HW at 160°C for 8 min, HW at 180°C for 4 min, HW at 180°C for 8 min and HW at 
200°C for 4 min were 9.84, 13.0, 8.83, 6.00 and 8.19 kWh/kg dry corn stover, respectively.  
Therefore, the high energy consumption required for disk milling of raw samples was reduced  
63% by sample pretreatment prior to disk milling.  
 
5.3.5. Comparisons of Hot Water Pretreated Disk Milled Samples and Dilute Acid 
Pretreated Disk Milled Samples  
Similar or higher glucan and lower xylan were observed in insoluble solids of dilute acid 
pretreated corn stover than hot water pretreated samples (Table 5.2).  However, dilute acid 
pretreatment hydrolyzed more carbohydrates to monomeric sugars than hot water pretreatment 
(Table 5.3).  The harsh dilute acid pretreatment  (DA, 1.0% at 150°C for 4 min) produced 1.68 
g/L glucose and 10.8 g/L xylose, which were 7.3 and 11.9 fold higher, respectively, than sugars 
released from samples treated with HW at 180°C for 4 min (Table 5.3).  Similar to the effects of 
disk milling after hot water pretreatment on sugar yields, disk milling after dilute acid 
pretreatment improved glucose yield by 51% for DA, 0.55% at 160°C for 4 min and 34% for DA, 
1.0% at 150°C for 4 min (Figure 5.1).  Samples treated with mild dilute acid (DA, 0.55% at 
160°C for 4 min) with disk milling had comparable glucose yields to HW at 180°C for 4 min 
with disk milling, which were 81.8 and 79.1%, respectively.  The harsh dilute acid pretreatment 
condition (DA, 1.0% at 150°C for 4 min) without disk milling, which produced one of highest 
sugar yields in previous reports (Lloyd and Wyman 2005; Schell et al. 2003), achieved lower 
sugar yields than HW at 180°C for 4 min with disk milling.  Hot water pretreatment with disk 
milling was a good alternative process to dilute acid pretreatment alone.  However, higher 
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glucose yields (87.3%) were attained after harsh dilute acid pretreatment (DA, 1.0% at 150°C for 
4 min) with disk milling compared to hot water pretreatment with disk milling.  Even though 
dilute acid with disk milling achieved higher glucose and xylose yields after enzymatic 
hydrolysis than hot water with disk milling, hot water pretreatment did not require a special 
corrosion resistant reactor, and no washing or neutralizing step was needed before disk milling.  
Both combined processes showed promise toward realizing cost effective ethanol production by 
increasing enzyme digestibility.  
 
5.4. Conclusions 
As severity factor increased, more glucose and xylose were released into the pretreatment 
liquor and degraded into furfural, HMF or formic acid.  Although disk milling alone had similar 
sugar yields after enzymatic hydrolysis compared to hot water pretreatment alone, hot water 
pretreatment with disk milling had synergistic effects in increasing sugar yields. Samples with 
hot water and disk milling improved glucose yields by 89% and xylose yields by 134% relative 
to pretreatment without disk milling.  Up to 90% particle size reduction was observed after disk 
milling.  Particles size was not a primary factor affecting enzymatic digestibility; rather, 
inhibitors (acetic acid, furfural, HMF and formic acid) produced during pretreatment primarily 
affected sugar yields.  High severity factor pretreatment conditions, HW at 180°C for 8 min and 
HW at 200°C for 4 min, resulted in more inhibitors and led to lower sugar yields.  Samples HW 
at 180°C for 4 min with disk milling attained the highest glucose (79.1%) and xylose (54.3%) 
yields among hot water pretreated milled samples.  Notably, this glucose yield exceeded that of 
samples treated with dilute acid without milling.  Samples treated with mild dilute acid and disk 
milling achieved comparable glucose yields to HW at 180°C for 4 min with disk milling.  
	 94	
However, DA, 1.0% at 150°C for 4 min with disk milling had higher sugar yields than HW at 
180°C for 4 min with disk milling.  The combined process of hot water pretreatment with disk 
milling is straightforward, does not require a washing or neutralization step and reduces 
installation and operation costs.  The combined process of dilute acid pretreatment with disk 
milling required a corrosion resistant reactor and a washing or neutralization step, but resulted in 
higher sugar yields than the hot water combined process.   
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Chapter 6. Evaluation of Disk Milling on Corn Stover Pretreated at 
Commercial Scale4 
 
6.1. Introduction 
In Chapter 5, hot water or dilute acid pretreatment, followed by wet disk milling, 
increased sugar yields compared to one step pretreatment using either hot water or dilute acid 
pretreatment.  Initial pretreatments were conducted in a 20 L Parr reactor.  To take the combined 
pretreatment closer to commercialization, it is important to demonstrate effects of disk milling on 
sugar yields using biomass pretreated at a commercial cellulosic plant under different dilute acid 
conditions.  In addition to investigating pretreatment conditions, a second objective was to 
evaluate effects of a range of disk milling cycles and enzyme dosages.  Moreover, potential disk 
milling materials will be discussed.  
 
6.2. Materials and Methods  
6.2.1. Feedstock  
Two sets of commercially pretreated corn stover samples with solid contents of 10% 
were obtained.  Samples were collected after dilute acid pretreatment with harsh and mild 
conditions for milling and hydrolysis (Figure 6.1).  The harsh dilute acid pretreatment had a 
combined severity factor (cSF) value of 0.43 (DA43).  The mild dilute acid pretreatment had a 
cSF value of 0.09 (DA09).  The cSF values with an incorporated acidity function were calculated 
as described in Section 5.2.3. 
 
																																								 																				
4Published in Bioresour. Technol. (2017) 232:297-303. 	
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Fig. 6.1. Process diagram. 
 
6.2.2. Disk Milling  
Before performing disk milling, dilute acid pretreated corn stover was manually pressed 
and adjusted to 20% solids content.  Wet samples (150 g) were disk milled (Quaker City 
grinding mill model 4E, Straub Co., Philadelphia, PA) as described in Section 5.2.5.  Samples 
were ground 3, 9 or 15 times consecutively and each treatment repeated in triplicate.  Disk 
milling electrical energy usage was recorded with an electricity usage monitor (Kill A Watt® 
P4480, P3 International, New York, NY).  
 
6.2.3. Hydrolysis  
Following disk milling, enzyme hydrolysis was conducted at 12% solids content with 6 g 
biomass (dry basis (d.b.)) in triplicate.  Samples of known moisture content, which were 
Dilute acid pretreatment 
(commercially pretreated corn stover: cSF 0.09 or cSF 0.43) 
Disk milling  
(3 cycles) 
Analysis: composition analysis 
Enzymatic hydrolysis 
(7.8, 15.6 or 31.2 mg cellulase/g biomass 
dry basis) 
Analysis: sugar and ethanol concentrations   
Disk milling  
(0, 3, 9 or 15 cycles) 
Analysis: composition analysis, particle size 
and morphology  
Enzymatic hydrolysis 
(15.6 mg cellulase/g biomass dry basis) 
Analysis: sugar, ethanol and total phenol 
concentrations   
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determined as described in Ehrman (1994), were added to preweighed tubes.  Citrate buffer (pH 
4.2, 1 M) was added to obtain a final concentration of 0.05 M.  Per gram of biomass (d.b.), 7.8, 
15.6 and 31.2 mg of cellulase received from DSM Biobased Products & Services (Elgin, IL), 
which is a proprietary cocktail of thermophilic enzymes, was added.  Deionized water was added 
to bring the sample to 12% solids content.  An enzyme blank flask was prepared consisting of all 
reaction constituents except substrate. 
 
Hydrolysis was performed on all prepared samples in a water bath (Gyromax 939XL, 
Amerex Instruments, Inc., Lafayette, CA) set at 62°C and 75 rpm.  For glucose and xylose 
determinations, aliquot samples (1 ml) were taken at 0, 4, 8, 24, 48 and 72 hr.  Each sample was 
centrifuged at 10,000 rpm (9,300 x g) (Model 5415 D, Brinkmann-Eppendorf, Hamburg, 
Germany); supernatant was analyzed using HPLC.  Glucose concentrations were adjusted by 
subtracting out the glucose measured in the enzyme blank.  To determine cellulose digestibility 
during hydrolysis, sugar concentration at 0 hr was subtracted from the sugar concentration at 
each sampling time.  Sugar yields were calculated as:  
𝑆𝑢𝑔𝑎𝑟 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 =  𝑠𝑢𝑔𝑎𝑟 𝑐𝑜𝑛𝑐. 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑎𝑡𝑒 −  𝑠𝑢𝑔𝑎𝑟 𝑐𝑜𝑛𝑐. 𝑎𝑡 0 ℎ𝑟 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑎𝑡𝑒𝑠𝑢𝑔𝑎𝑟 𝑐𝑜𝑛𝑐. 𝑖𝑛 𝑚𝑖𝑙𝑙𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠  
 
6.2.4. Compositional Analysis of Dilute Acid Pretreated Corn Stover 
Compositions of dilute acid pretreated and milled samples (0, 3, 9 and 15 cycles) were 
analyzed by the NREL standard method described in Section 3.2.2.  Composition of the liquid 
phase (monomeric and oligomeric sugars) and solid phase of pretreated samples were analyzed.  
Pretreated liquid and solids were separated by centrifugation.  Monomeric sugars in the liquid 
phase were analyzed directly by HPLC (Aminex HPX-87H, Bio-Rad, Hercules, CA).  
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Oligomeric sugars in the liquid phase were measured after 4% dilute sulfuric acid hydrolysis.  
For compositions in the solid phase, pretreated solids were washed using DI water until the pH 
reached 5 to 7 (values specified in NREL protocol).  As mentioned in NREL protocol, water and 
ethanol extractions were not be performed on washed pretreated solids because extractable 
materials would have been removed by the pretreatment and washing steps (Sluiter and Sluiter 
2011).  Compositions of the insoluble solids were analyzed by a two step acid hydrolysis 
procedure (Sluiter et al. 2011).  The sample was mixed with 72% sulfuric acid for 2 hr at 30°C.  
Acid concentration was adjusted to 4% with deionized water and heated at 121°C for 1 hr in an 
autoclave.  After the two step hydrolysis, the sample was filtered by vacuum using filter 
crucibles.  Filtrate sugar concentrations were analyzed by HPLC (Aminex HPX-87P, Bio-Rad, 
Hercules, CA).  
 
6.2.5. Total Phenol Compounds Measurement  
Total phenol compounds were analyzed by the Prussian blue method adapted from 
Budini et al. (1980) and Ximenes et al. (2010).  First, 200 µl of 0.08 M K3Fe(CN)6 (Mallinckrodt 
Chemical Works, St. Louis, MO) was added to 3 ml of 50 fold diluted pretreated liquid, followed 
by 200 µl of 0.1 M FeCl3 (Sigma-Aldrich, St. Louis, MO)  in 0.1 M HCl (Fisher Scientific, 
Hampton, NH).  Absorbance at 700 nm was measured after 5 min incubation at room 
temperature.  Five concentrations (0.125, 0.25, 0.5, 1 or 2 mM) of gallic acid (Fisher Scientific, 
Hampton, NH) dissolved in methanol were used as standard.   
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6.2.6. Particle Size Distribution and Morphology  
Particle size distributions of milled samples were measured as described in Section 5.2.7.  
Percent volume was acquired and used to determine mean particle size.  Milled sample 
morphology was observed by scanning electron microscopy (SEM) (S-4700, Hitachi, Tokyo, 
Japan) at 15 kV after samples were sputter coated with Au–Pd.   
 
6.2.7. Statistical Analysis 
Reported results are means of three replicates and are on a dry weight basis.  Fisher’s 
protected least significant difference (LSD) was performed with 95% confidence level for 
compositions, phenol concentrations, particle sizes and sugar recovery yields.   
 
6.3. Results and Discussion  
6.3.1. Compositions of Milled Corn Stover  
Glucose, furfural or 5-hydroxymethylfurfural were not detected in any sample (Tables 
6.1, soluble solids and 6.2, insoluble solids).  DA09 had 3.6 to 5.4 fold higher 
glucooligosaccharides (GOS) and 2.0 to 2.9 fold higher xylooligosaccharides (XOS) in the 
pretreated liquor compared to DA43.  DA09 had no detectable xylose.  
 
Insoluble solids were calculated as the ratio of pretreated solids weight to total milled 
sample weight.  DA09 had 88 to 94% insoluble solids, which was similar to DA43 (86 to 91%).  
For both dilute acid pretreatment conditions, insoluble solids from nonmilled samples were 
higher compared to milled samples.  This could be due to sample loss during milling, particularly 
solids stuck to the mill that cannot be recovered.  DA09 had 39 to 42% glucan and 23 to 25% 
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xylan in insoluble solids.  DA43 had higher glucan (42 to 45%) and lower xylan (22%) 
compared to DA09.   
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TABLE 6.2. Compositions of Insoluble Solids of Disk Milled Samples[1].  
Dilute acid 
pretreatment  Milling cycles 
Insoluble solids 
(%)  
Glucan 
(% w/w)[2] 
Xylan 
(% w/w) 
cSF[3] = 0.09 0 94.4  a 40.3  de 24.8  a 
 3 89.6  bc 41.9  cd 24.5  a 
 9 87.5 cd 39.0  e 23.8  b 
 15 89.1  bc 39.2  e 22.7  c 
cSF = 0.43 0 91.1  b 44.8  a 22.5  c 
 3 86.7  d 44.2  ab 22.1  cd 
 9 85.9  d 43.0 abc 21.6  d 
 15 85.9  d 42.3  bcd 21.6  d 
LSD[4] (α = 0.05)  2.15 2.20 0.68 
[1] Compositions followed by the same letter in a column are not different (P < 0.05).  
[2] % w/w: % of dry insoluble solids. 
[3] cSF: Combined severity factor for pretreatment condition.  
[4] LSD: Fisher’s protected least significant difference. 
 
6.3.2. Effects of Milling Cycle on Sugar Yields 
Milling improved glucose and xylose yields in both the low and high severity pretreated 
samples when hydrolyzed with 1.56 mg cellulase/g biomass (d.b.) (Figure 6.2).  Without milling, 
DA09 attained 27% glucose and 21% xylose yields (22% total sugar yields).  After 3 milling 
cycles, glucose and xylose yields were increased to 46 and 35%, respectively (42% total sugar 
yields).  Sugar yields were increased further by additional milling cycles.  After 15 milling 
cycles, glucose yields were 55% and xylose yields were 39% (48% total sugar yields).  Although 
sugar yields from DA09 were improved by increasing milling cycles and 15 milling cycles had 
the highest sugar yields, DA43 had higher glucose yields even at 3 milling cycles compared to 
	 103	
15 milling cycles of DA09.  DA43 had 63% glucose yields and 44% xylose yields after 3 milling 
cycles (56% total sugar yields).  Further milling cycles improved glucose yields in DA43; a 4 
percentage point increase was observed after 9 milling cycles compared to 3 milling cycles.  
However, 9 and 15 milling cycles had similar glucose yields (67%) and total sugar yields (58%).  
Milling after dilute acid pretreatment further increased sugar yields, but samples with higher cSF 
had higher sugar yields regardless of milling cycles.  Similar results were observed in hot water 
pretreated samples prepared using 20 L Parr reactor (Kim et al. 2016).  Five different hot water 
pretreatment conditions followed by disk milling were tested; sugar yield increased as 
pretreatment severity increased.   
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Fig. 6.2. Sugar recoveries (% w/w) of dilute acid pretreated corn stover with different milling 
cycles.  Enzyme dosage was 7.8 mg /g biomass (dry basis).  cSF indicates combined severity 
factor for pretreatment condition.  Error bars represent ±1 standard deviation. 
 
6.3.3. Effects of Number of Milling Cycles on Energy Consumption 
Both DA09 and DA43 consumed the same energy (3.82 kWh/kg) during the first two 
milling cycles (Figure 6.3).  The initial energy consumption was used for particle size reduction.  
For both samples, fibers of several centimeters in length were reduced to hundred micron 
particles during these initial milling cycles.  After 3 milling cycles, DA43 consumed less energy 
than DA09.  The DA43 pretreatment condition swelled and weakened the biomass matrix more 
than the DA09 pretreatment condition, which reduced overall milling energy consumption.  
Although further technoeconomic analysis is necessary to determine optimal number of milling 
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cycles, 3 milling cycles are recommended on the basis of energy consumption.  For DA43, when 
the number of milling cycles was increased from 3 to 9, glucose increased by only 4% but energy 
consumption doubled.  Therefore, variable enzyme dosages were tested using samples milled 3 
times.  
 
 
Fig. 6.3. Disk milling energy consumption.  cSF indicates combined severity factor for 
pretreatment condition.  Error bars represent ±1 standard deviation. 
 
6.3.4. Effects of Enzyme Dosage on Sugar Yields 
Sugar yields increased as more enzyme was added (Figure 6.4).  At 72 hr hydrolysis, 
DA09 with 7.8, 15.6 and 31.2 mg cellulase/g biomass (d.b.) loadings had 40, 45 and 48% 
glucose yields, respectively.  A similar trend was observed for xylose yields. Total sugar yields 
of DA09 with 7.8, 15.6 and 31.2 mg cellulase/g biomass (d.b.) loadings were 35, 41 and 44%, 
respectively. However, higher enzyme dosage was not as effective as increasing pretreatment 
severity in increasing sugar yields.  The maximum DA09 glucose yield was still lower than the 
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(67%) were achieved with the highest enzyme dosage (31.2 mg/g biomass (d.b.)) and 3 milling 
cycles.  Total sugar yields of DA43 with 7.8, 15.6 and 31.2 mg cellulase/g biomass (d.b.) loading 
were 49, 57 and 62%, respectively. 
 
For DA09, adding additional enzyme (31.2 mg/g biomass (d.b.)) was not as effective as 
increased milling (15 milling cycles) in improving sugar yields.  The glucose yields from 3 
milling cycles with 31.2 mg/g biomass (d.b.) cellulase dosage averaged 48%, which was lower 
than that from 15 milling cycles with 15.6 mg cellulase/g biomass (d.b.) (55%).  Xylose yields 
were similar for both treatments.  For DA43, 3 milling cycles with 31.2 mg/g biomass (d.b.) and 
15 milling cycles with 15.6 mg cellulase/g biomass (d.b.) had comparable glucose yields.  
However, 9 percentage points higher xylose yields were obtained from 3 milling cycles and 31.2 
mg/g biomass (d.b.) cellulase hydrolysis than 15 milling cycles with 15.6 mg cellulase/g biomass 
(d.b.).  Therefore, milling had a greater impact on glucose yields, while enzyme dosage had a 
greater impact on xylose yields.  That milling had less effect on hemicellulose hydrolysis might 
be explained by hemicellulose being located near the surface of the cell wall and unlike cellulose 
is noncrystalline.    
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Fig. 6.4.  Sugar recoveries of dilute acid pretreated corn stover with three milling cycles 
incubated with 7.8, 15.6 and 31.2 mg cellulase/g biomass (dry basis (d.b.)).  cSF indicates 
combined severity factor for pretreatment condition.  Error bars represent ±1 standard deviation. 
 
6.3.5. Total Phenol Compounds and XOS in Pretreated Samples  
Although increasing enzyme dosage or milling cycles improved sugar yields, the highest 
glucose and xylose yields were 67 and 52%, respectively.  Low sugar yields could have been due 
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4-hydroxy-3-methoxy-methylbenzyl alcohol and vanillin) and oligomeric phenols inhibit 
enzymatic cellulolysis by adsorbing onto cellulose.  Similar results were observed by Kim et al. 
(2011) that phenolic compounds inhibited cellulase activity by interacting with enzymes, which 
caused precipitation and deactivation of enzymes, especially β-xylosidase.  Phenolic compounds 
at concentrations 0.2 to 4 g phenolics/g protein inhibited β-xylosidase (Kim et al. 2011).  In our 
hydrolysates, total phenols were 4 to 7 g/g protein (Table 6.3). 
 
In addition to phenolic compound inhibition, XOS are potent competitive inhibitors to 
cellulase.  Qing et al. (2010) found that cellulose with 1.67 g/L XOS concentration inhibited 
cellulase activities and decreased initial hydrolysis rate by 24% and final glucose yields by 13% 
compared to cellulose without XOS.  For DA43, 3.3×10-3 g/L XOS was present in the beginning 
hydrolysate (Table 6.3).  However, by the end of hydrolysis, XOS had increased 2000 fold (6.8 
g/L).  No GOS was detected in DA43 samples with 3, 9 and 15 milling cycles after 72 hr 
hydrolysis.  High XOS and low GOS levels were due to insufficient xylanase and  
β-xylosidase activities in the hydrolysate, possibly caused by phenol inhibition.  Therefore, XOS 
formed during hydrolysis and in turn inhibited cellulase.  Our results were similar to those 
observed by Kumar and Wyman (2009) that  the initial rate of glucose released during hydrolysis 
of Avicel glucan with birchwood xylan and Avicel glucan with xylose decreased by 55 and 12%, 
respectively, compared to Avicel glucan alone.  Inhibition by xylose, xylooligomers and/or xylan 
was decreased by 70% when cellulase and β-xylosidase were added together.  Qing and Wyman 
(2011) reduced XOS and xylan inhibition by adding xylanase and β-xylosidase in enzymatic 
hydrolysis and increased glucan conversion by 27 and 8% for ammonia fiber expansion and 
dilute acid pretreated corn stover, respectively.   
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6.3.6. Structural Changes after Milling   
Disk milling fragmented biomass and stripped the outer wall of fibers for both dilute acid 
pretreated samples (Figure 6.5).  Nonmilled DA09 had several centimeter long fibers with flat 
and smooth surfaces.  After 3 milling cycles, particle size was reduced to 92 µm (Table 6.4).  
However, 3 milling cycles were not enough to disrupt the biomass completely.  Only the outer 
cell wall material was partially abraded.  Fibers were ruptured further and abraded after 9 milling 
cycles.  Mean particle size after 9 milling cycles was 88 µm.  After 15 milling cycles, small 
fibers aggregated, resulting in an increased particle size (116 µm).  A similar trend was observed 
with DA43, but DA43 was more susceptible to milling compared to DA09.  Although nonmilled 
DA43 had a rougher surface than nonmilled DA09, the outer wall of the biomass was not 
disrupted fully from dilute acid pretreatment.  Biomass fibers were ruptured and fragmented after 
3 and 9 milling cycles.  Particle size decreased to 99 and 83 µm after 3 and 9 milling cycles, 
respectively.  After 15 milling cycles, fiber aggregation also was observed.  Stelte and Sanadi 
(2009) saw similar morphology changes from hardwood and softwood during disk milling.  
Fibrillation started at the outer surface of the cellulose fibers by disk milling shear force, which 
is called external fibrillation.  After 25 milling cycles, softwood lost its structure and small fibers 
aggregated.  This was attributed to internal fibrillation which was attributed to breakage of 
hydrogen bonds among hydroxyl groups of cellulose chains.  Milling accomplished cutting and 
internal/external fibrillations of the dilute acid pretreated corn stover used in this study, which 
resulted in increasing surface area and improving sugar yields.  
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Fig. 6.5. Morphology changes after milling.  cSF indicates combined severity factor for 
pretreatment condition.  
9 cycles 
cSF = 0.43 
0 cycle 
3 cycles 
15 cycles 
0 cycle 
3 cycles 
9 cycles 
15 cycles 
cSF = 0.09 
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TABLE 6.4. Mean Particle Size After Disk Milling[1]. 
Milling cycles  Dilute acid cSF[1]=0.09 
(µm) 
Dilute acid cSF=0.43 
(µm) 
3  92.2  b 99.1  a 
9 88.2  c 83.5  c  
15 116   a 94.2  b 
LSD[2] (α = 0.05) 1.77 1.26 
[1] Particle sizes followed by the same letter in a column are not different (P < 0.05).  
[2] cSF: combined severity factor for pretreatment condition.   
[3] LSD: Fisher’s protected least significant difference. 
 
6.4. Potential Disk Mill Options 
One concern of using a disk mill with dilute acid pretreated sample in commercial scale 
is the disks could corrode with continuous exposure.  Potential mill materials that have low 
corrosive rates when in contact with sulfuric acid (Craig et al. 1994) are summarized in Table  
6.5.  Examples of disk mills used in lignocellulosic ethanol processing are summarized in Table 
6.6 and various disk mill plate designs are depicted in Figure 6.6.  Disk mill plates have designs 
using either bars or grooves.  The leading edges of the bars impact fibers, while the grooves 
determine the capacity of the mill (Smook 1992).   
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Fig. 6.6. Disk mill plate designs: A, Fine bidirectional pattern (Durametal D14-002); B, coarse 
bidirectional pattern (Durametal 36602); C directional pattern (Durametal 36604) (Kure et al. 
2000); D, E, F and G Granomat disk mills (brochure from Fuchs Maschinen AG). 
 
6.5. Conclusions  
To increase cellulose digestibility by enzymes, disk milling was applied to commercial 
dilute acid pretreated corn stover.  Effects of pretreatment conditions (cSF = 0.09 and 0.43), 
milling cycles (0, 3, 9 and 15) and enzyme dosages (7.8, 15.6 and 31.2 mg cellulase/g biomass 
(d.b.)) were evaluated.  Milling after dilute acid pretreatment was effective in improving sugar 
yields of commercially pretreated samples.  Increased number of milling cycles and higher 
enzyme dosages enhanced sugar yields.  DA43 had higher sugar yields compared to DA09 
threated with either high milling cycles or high enzyme dosage, indicating that dilute acid 
pretreatment condition was the major factor in determining final sugar yields and milling energy.  
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Chapter 7. Conclusions and Recommendations for Future Work  
 
7.1. Conclusions 
The aim of the research was to improve cellulosic biofuel production, focusing on 
feedstocks and pretreatment.  Four specific objectives are stated below with corresponding 
conclusions.  
 
1) Evaluate effects of genetics and management of prairie cordgrass (PCG) production on 
feedstock compositions and ethanol yields (Chapter 3) 
• Genetics and field conditions were determined to affect PCG compositions, which 
resulted in differences among PCG populations over two consecutive years.   
• Ethanol yields (kg/ha) were correlated to biomass production yields.   
• Compositions and ethanol yields of PCGs were comparable to those of switchgrass, corn 
stover and bagasse.  We demonstrated that PCG is a potential bioethanol feedstock.  
 
2) Investigate ethanol yields of PCG and switchgrass grown under abiotic stress conditions, 
such as soil salinity and water logging (Chapter 4)   
• Species and field conditions affected biomass composition.  Switchgrass had higher ash 
and lower xylan contents than PCG.  Grasses grown on saltwater irrigated land had 
higher ash content and lower glucan and xylan contents compared to grasses grown on 
water logged or saline lands.   
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• Kanlow had higher ethanol production and conversion within the same field treatment 
compared to PCG-109 and 17-109.  Grasses grown on saltwater irrigated land had worst 
ethanol production grasses grown on waterlogged or saline lands. 
• Yeast fermentations were unaffected by differences in biomass ash contents and 
subsequent differences in fermentation salt concentration. 
 
3) Improve sugar yields from corn stover using a combined pretreatment: dilute acid or hot 
water pretreatment followed by disk milling (Chapter 5) 
• Hot water or dilute acid pretreatment with disk milling had synergistic effects in 
increasing sugar yields.  
• Hot water pretreated milled samples and mild dilute acid pretreated milled samples 
achieved comparable glucose yields, which were lower than harsh dilute acid pretreated 
milled samples.   
• Both combined pretreatment processes show promise for ethanol production by 
increasing enzymatic hydrolysis of cellulose. 
 
4) Determine effects of disk milling for improving sugar yields of commercially pretreated 
samples (Chapter 6) 
• Disk milling after dilute acid pretreatment was effective in improving sugar yields of 
commercially pretreated samples.  
• More milling cycles and higher enzyme dosages enhanced sugar yields.  
• Milling was more effective to improve glucose yields, while enzyme dosage was more 
effective to improve xylose yields.  Dilute acid pretreatment condition was the most 
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important factor to determine final sugar yields as compared to milling cycles and 
enzyme dosages.   
 
7.2. Recommendations for Future Work 
Based on observations and results from this study, the following areas are recommended 
for further study.   
 
1) Comprehensive study of dedicated energy crops grown on marginal lands for ethanol 
production  
Ethanol was produced from biomass grown on waterlogged, saline and saltwater lands.  
However, there are various types of marginal lands, including those characterized by low  
fertility, poor drainage and shallowness and salinity.  It would be useful to gather more data 
about ethanol production from different plant species cultivated on various types of marginal 
lands.  Creating a crop inventory including abiotic stress tolerance levels and actual ethanol 
productions would allow farmers to maximize ethanol production when using marginal lands. 
 
2) Technoeconomic analysis of the combined pretreatment: dilute acid or hot water 
pretreatment followed by disk milling  
 In Chapter 5, hot water pretreated milled samples resulted in lower sugar yields compared 
to harsh dilute acid pretreated milled samples.  However, combined pretreatment with hot water 
did not require washing or neutralization before disk milling.  Also, a special corrosion resistant 
reactor or chemicals are not needed for hot water pretreatment.  Therefore, technoeconomic 
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analysis of both combined pretreatments is recommended to determine which process is more 
economically feasible.  
 
In Chapters 5 and 6, pretreatment efficiency of the combined process was determined by 
sugar production after enzymatic hydrolysis.  An advantage of combined pretreatment is that it 
reduces generation of inhibitors to yeast.  To investigate pretreatment and overall process 
efficiencies, measuring fermentation yields is recommended.  In addition, to perform accurate 
technoeconomic analysis, evaluating net process water usage is relevant. 
 
3) Scale up disk milling process of the combined pretreatment 
In Chapters 5 and 6, small diameter disks (4 in) were applied to grind corn stover. 
Although disk milling is used in other industries, it is necessary to scale up the disk milling 
process for corn stover or dedicated energy crops.  Scale up could be achieved by increasing disk 
diameter and disk rotation speed.  Disk diameter determines process flowrate and disk rotation 
speed is related to grinding intensity.  Also, optimizing the scale up process would benefit 
commercialization.  Characterizing the effects of milling cycles, solids loading and sample 
viscosity on disk milling energy consumption and sugar yields would provide valuable data for 
process optimization and technoeconomic analysis.  
 
4) Optimization of combined pretreatment for industrial application  
 In Chapter 6, disk milling was applied to commercially dilute acid pretreated samples.  
However, dilute acid pretreatment conditions were not optimized for subsequent disk milling.  
From Chapter 6 results, pretreatment conditions were an important determinant of final sugar 
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yields.  Therefore, to maximize sugar yields, optimizing the commercial dilute acid pretreatment 
conditions for the combined pretreatment is recommended.  
 
5) Simplify combined pretreatment by removing initial grinding before chemical 
pretreatment 
In cellulosic ethanol process, once biomass is transferred to processing plants, biomass is 
ground prior to chemical pretreatment.  Thus, there are two grinding steps when performing 
combined pretreatment: before and after chemical pretreatment.  It would be beneficial to 
investigate whether disk milling after chemical pretreatment could replace the initial grinding 
without decreasing sugar yields.  If disk milling was not replaceable, it would be useful to 
determine the optimal initial biomass size for disk milling in terms of sugar yields and energy 
consumption.   
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Appendix A. Calculation of Combined Severity Factor  
Combined severity factor (cSF)  cSF = log𝑅′ = log𝑅! − 𝑝𝐻, 𝑅! = 𝑡 ∙ exp {(𝑇 − 𝑇!)/14.75}, 
t = reaction time (min)   = time at target temperature + total corrected heating time + total 
corrected cooling time 
T = target temperature (°C) 
TR = reference temperature (100°C)  
pH = pretreated liquor pH   
 
Corrected heating and cooling time  
𝑡 = (𝑡! − 𝑡!!!)× exp 𝐸!𝑅 × 1(𝑇! + 𝑇!!!2 )+ 273.15− 1𝑇! + 273.15
!
!!!  
tk = Time of measurement k 
n = Total number of measurements 
Ea = Activation energy (150 kJ/mol = 150,000 J/mol) 
R= Ideal gas constant (8.314 J/mol K) 
Tk= Temperature of measurement k 
Tt = Target temperature (°C) 
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Example: pretreatment at 180°C for 4 min 
TABLE A.1. Heating Profile.	
Time  
(min) 
Temperature  
(°C) 
tk –tk-1  
(min) 
Tk –Tk-1  
(°C) 
Corrected time 
(min) 
0 31 5 33.50 0.00 
5 36 5 39.00 0.00 
10 42 5 52.00 0.00 
15 62 5 69.50 0.00 
20 77 5 84.00 0.00 
25 91 5 96.50 0.00 
30 102 5 106.50 0.00 
35 111 5 115.50 0.01 
40 120 5 125.00 0.02 
45 130 5 134.00 0.06 
50 138 5 142.50 0.14 
55 147 5 151.50 0.35 
60 156 5 161.00 0.88 
65 166 5 170.50 2.13 
70 175 5 177.00 3.83 
75 179    
Total corrected heating time = 7.41 min  
TABLE A.2. Cooling Profile.	
Time  
(min) 
Temperature  
(°C) 
t  
(min) 
Tr  
(°C) 
Corrected time 
(min) 
79 179 5.00 178.50 4.38 
84 178 5.00 176.50 3.67 
89 175 5.00 173.50 2.80 
94 172 5.00 170.00 2.04 
99 168 5.00 166.50 1.47 
104 165 5.00 163.50 1.11 
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TABLE A.2 (cont.)	
Time  
(min) 
Temperature  
(°C) 
t  
(min) 
Tr  
(°C) 
Corrected time 
(min) 
109 162 5.00 160.50 0.83 
114 159 5.00 157.50 0.62 
119 156 5.00 154.50 0.47 
124 153 5.00 152.00 0.36 
129 151 5.00 150.00 0.30 
134 149 5.00 147.50 0.23 
139 146 10.00 144.00 0.32 
149 142 48.00 134.00 0.53 
197 126 10.00 124.00 0.04 
207 122 53.00 115.00 0.07 
260 108 34.00 104.50 0.01 
294 101 36.00 97.50 0.01 
330 94 30.00 91.50 0.00 
360 89 45.00 85.50 0.00 
405 82    
Total corrected cooling time = 19.26 min  
t = reaction time (min) = 7.41 + 4 + 19.26 = 30.68 min 
𝑅! = 𝑡 ∙ exp 𝑇 − 𝑇!14.75 = 30.7 ∙ exp 180− 10014.75 = 6955	
cSF = log𝑅′ = log𝑅! − 𝑝𝐻 = log 6955− 4.1 = −0.26 	
 
   
	 145	
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rounding.
Sources: U.S. Energy Information Administration, Monthly Energy Review (April 2016), 
Tables 1.3, 2.1-2.6.
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industrial5
21.2
(22%)
residential and 
commercial6
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electric power7
38.2
(39%)
15
transportation
27.6
(28%)
U.S. primary energy consumption by source and sector, 2015
Total = 97.7 quadrillion British thermal units (Btu)
1 Does not include biofuels that have been blended with petroleum—biofuels are included 
in “Renewable Energy."
2 Excludes supplemental gaseous fuels.
3 Includes less than -0.02 quadrillion Btu of coal coke net imports.
4 Conventional hydroelectric power, geothermal, solar/photovoltaic, wind, and biomass.
5 Includes industrial combined-heat-and-power (CHP) and industrial electricity-only plants.
6 Includes commercial combined-heat-and-power (CHP) and commercial electricity-only 
plants.
7 Electricity-only and combined-heat-and-power (CHP) plants whose primary business is to 
sell electricity, or electricity and heat, to the public. Includes 0.2 quadrillion Btu of electricity 
net imports not shown under “Source.”
Notes: Primary energy in the form that it is first accounted for in a statistical energy balance, 
before any transformation to secondary or tertiary forms of energy (for example, coal is 
used to generate electricity). Sum of components may not equal total due to independent 
rounding.
Sources: U.S. Energy Information Administration, Monthly Energy Review (April 2016), 
Tables 1.3, 2.1-2.6.
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Primary Energy Imports 
Figure 1.4a Primary Energy Imports and Exports
(Quadrillion Btu)
Imports by Source, 1949–2015
Exports by Source, 1949–2015
Imports by Source, Monthly Exports by Major Source, Monthly
a Coal, coal coke, biofuels, and electricity. Web Page:  http://www.eia.gov/totalenergy/data/monthly/#summary.
b Includes coal coke. Sources:  Tables 1.4a and 1.4b.
8 U.S. Energy Information Administration / Monthly Energy Review January 2017
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EIA 2017 Monthly Energy Review 
3 
Oil Extraction Prediction 
Capellan-Perez_2014_Fossil fuel depletion and socio-economic scenarios/ An integrated approach 4 
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Renewable Fuel Standard (RFS) 
Renewable Fuel Standard (RFS) is a federal program that requires 
transportation fuel sold in the United States to contain a minimum volume of 
renewable fuels. 
Biofuel Feedstock 
Annual 
Production 
(Billion gal) 
GHG 
Reduction 
(%) 
Conventional renewable fuel Corn starch 15 20 
Advanced biofuel 
Cellulosic biofuel Corn stover, wood chips, Miscanthus, switchgrass  16 60 
Biomass-based diesel Soybean oil, canola oil, waste oil, animal fats  1 50 
Other advanced biofuels Sorghum, wheat, imported sugarcane ethanol 4 50 
Total 36 
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Cellulosic Biofuel Process 
Pretreatment  Hydrolysis Fermentation 
Distillation 
&  
Dehydration 
CO2 
Ethanol 
Residue 
Enzyme  
Size reduction 
Feedstock 
7 
Feedstocks 
Wood 
•  Wood wastes 
•  Pulp mill wastes 
•  Eucalyptus 
•  Sawdust 
•  Hybrid poplar 
Agriculture  
Residues 
•  Corn stover 
•  Wheat straw 
•  Rice straw 
•  Sugarcane bagasse 
Perennial 
Grasses 
•  Switchgrass 
•  Miscanthus x giganteus  
•  Big bluestem 
•  Prairie cordgrass 
Others 
•  Municipal solids wastes 
•  Animal manures 
•  Food wastes 
Various feedstocks are needed to meet RFS.  
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Biomass Structure 
Rubin. 2008. Nature 454:841-45. DOI:10.1038/nature07190 
9 
3D Biomass Structure 
Image courtesy Thomas Splettstoesser, www.scistyle.com, for Oak Ridge National Laboratory 
Cellulose 
Hemicellulose 
Lignin 
10 
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Pretreatment Role 
To destruct the cell wall and increase enzyme accessibility, 
pretreatment is needed.  
Mosier et al. 2005. Bioresour. Technol. 96: 673-86. DOI: 10.1016/j.biortech.2004.06.025 
11 
Pretreatment 
•  Low pH  
•  Sulfur dioxide  
•  Sulfuric acid  
•  Hydrogen chloride 
•  Neutral pH  
•  Hot water  
•  Steam explosion  
•  High pH  
•  Ammonia 
•  Ammonia fiber  
   expansion (AFEX) 
•  Ammonia recycled percolation 
•  Aqueous ammonia soaking 
Sodium hydroxide  
•  Alkaline wet oxidation  
•  Lime 
•  Others 
•  Organosolv 
•  Liquid ionic solutions  
•  Cosolvent enhanced 
lignocellulosic fractionation 
•  Milling 
•  Shredding  
•  Grinding  
•  Milling  
•  Hammer mill 
•  Disk mill  
•  Ball mill 
•  PFI mill 
•  Extrusion  
•  Irradiation  
•  Gamma rays  
•  Electron beam  
•  Microwave radiation 
•  White rot fungi 
•  Phanerochaete 
chrysosporium 
•  Trametes versicolor 
•  Ceriporiopsis 
subvermispora  
•  Heterobasidium annosum  
•  Pleurotus ostreatus  
•  Brown rot fungi  
•  Coniophora puteana 
•  Gloeophyllum trabeum 
•  Laetiporus sulphureus 
•  Piptoporus betulinus 
•  Postia placenta 
•  Serpula lacrimans  
•  Soft rot fungi  
•  Chaetomium globosum 
•  Ustulina deusta  
12 
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Hydrolysis and Fermentation 
SHF: separate hydrolysis and fermentation 
SSF: simultaneous saccharification and fermentation 
SScF: simultaneous saccharification and cofermentation 
HSF: hybrid saccharification and fermentation 
CBP: consolidated bioprocessing 
Pretreatment  Hydrolysis Fermentation 
Distillation 
&  
Dehydration 
CO2 
Ethanol 
Residue 
Feedstock 
Enzyme  
Production 
SSF/SScF/HSF 
CBP SHF 
13 
Barriers in Cellulosic Biofuel Process 
Pretreatment  Hydrolysis Fermentation 
Distillation 
&  
Dehydration 
CO2 
Ethanol 
Residue 
Enzyme  
Size reduction 
Feedstock 
•  Biomass structure 
•  Feedstock quality and quantity 
•  Sustainable farming  
•  Logistics (density, dust and fire hazard) 
•  Efficiency 
•  Inhibitors  
•  High cost 
•  Low value coproducts 
•  High cost 
•  C5 sugars 
•  Lignin 
•  Low solids contents 
14 
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Overall Objective 
§  Feedstock (Prairie cordgrass (PCG)) 
§  Determine whether PCG is a good candidate as a cellulosic ethanol 
feedstock. 
1)  Evaluate effects of genetic variation and growing conditions of PCG 
on feedstock composition and ethanol yield.  
2)  Investigate ethanol yields of PCG and switchgrass grown under 
abiotic stresses, such as soil salinity and waterlogging. 
 
 
§  Pretreatment (two step pretreatment)  
§  Develop a new pretreatment method (chemical pretreatment followed by 
disk milling) that can destruct the cell wall efficiently. 
1)  Improve sugar yield from corn stover by the combined 
pretreatment: dilute acid or hot water pretreatment followed by disk 
milling.  
2)  Determine effects of disk milling on improving sugar yields of 
commercially pretreated sample.  
15 
Feedstock: Prairie cordgrass (PCG) 
§  Feedstock (Prairie cordgrass (PCG)) 
§  Determine whether PCG is a good candidate as a cellulosic 
ethanol feedstock. 
1)  Evaluate effects of genetic variation and growing conditions of 
PCG on feedstock composition and ethanol yield.  
2)  Investigate ethanol yields of PCG and switchgrass grown 
under abiotic stresses, such as soil salinity and waterlogging. 
16 
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Prairie Cordgrass  
§  Native to North America  
§  Perennial grass 
§  C4 photosynthesis  
§  Strong rhizome and root systems (Boe et al. 2009) 
§  High cold tolerance: extended growing season (Long 1983) 
§  High flood and salt tolerance (Kim et al. 2012) 
Photograph of prairie cordgrass inflorescence. 
Photo taken at the Big Flats Plant Materials 
Center in Big Flats New York, 2013 
Prairie cordgrass origin. Prairie cordgrass is 
native to the green colored area 
(USDA-NRCS PLANTS database) 
17 
Methods: Samples Selection 
PCG Population  Origin 
9046805 Plant Material Center of USDA-NRCS 
IL-102  Illinois 
ND North Dakota 
PC09-101  Connecticut 
PC17-116  Illinois 
PC29-106  Missouri 
PC40-104  Oklahoma 
PC55-102  Wisconsin 
PCG-109  South Dakota 
PC46-105 South Dakota 
RR  Plant Material Center of USDA-NRCS 
§  Eleven natural populations of prairie cordgrass were harvested at the end of 
the growing seasons in 2011 and 2012.  
 
 
18 
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§  Composition analyses 
§  Raw samples  
§  Two step acid hydrolysis: National Renewable Energy Laboratory (NREL) 
protocols (NREL 2014) 
§  Pretreatment samples  
§  Two samples of the highest glucan concentration 
§  Two samples of the lowest glucan concentration 
§  One sample of equal glucan concentration over the two years (2011 and 
2012) 
 
§  Pretreatment conditions  
§  20% solids 
§  1% w/w sulfuric acid  
§  160°C for 10 min  
Methods: Composition & Pretreatment 
19 
Methods: Simultaneous Saccharification And 
CoFermentation (SScF) 
§  Enzymes 
§  0.5 ml of Accellerase 1500 
§  0.4 ml of Accellerase BG 
§  0.2 ml of Accellerase XY  
§  0.5 ml of Accellerase XC  
§  SScF conditions  
§  Saccharomyces cerevisiae SR8 (from Dr. Jin): ferment C5 and C6 sugars 
§  pH 6 
§  300 rpm, 30°C and anaerobic condition  
§  Calculation 
§  Theoretical ethanol yields = (sum of glucose and xylose concentrations in 
original samples) X 0.511 
20 
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Composition in 2011 and 2012 
•  Compositions showed differences 
within and between years.  
•  Xylose concentrations in most 2012 
samples were higher compared to 
2011.  
•  Extractives concentrations in all 
2012 samples were lower compared 
to 2011.  
_  9
046
805IL-1
02
PC
29-
106
PC
09-
101
PC
17-
116
PC
G-1
09
PC
46-
105
PC
55-
102 RR ND
PC
40-
104
0
10
20
30
40
50
 
G
lu
co
se
 (%
 g
/g
 b
io
m
as
s)
Sample ID
 Glucose (2011)
 Glucose (2012)
_  9
046
805IL-1
02
PC
29-
106
PC
09-
101
PC
17-
116
PC
G-1
09
PC
46-
105
PC
55-
102 RR ND
PC
40-
104
0
5
10
15
20
25
30
35
 
Xy
lo
se
 (%
 g
/g
 b
io
m
as
s)
Sample ID
 Xylose (2011)
 Xylose (2012)
_  9
046
805IL-1
02
PC
29-
106
PC
09-
101
PC
17-
116
PC
G-1
09
PC
46-
105
PC
55-
102 RR ND
PC
40-
104
0
5
10
15
20
25
 
Ex
tra
ct
iv
es
 (%
 g
/g
 b
io
m
as
s)
Sample ID
 Extractives (2011) 
 Extractives (2012)
21 
SScF: Sugar Profiles 
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SScF: Ethanol Profiles 
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•  Xylose was consumed at the beginning of SScF, 
simultaneously with glucose. 
•  Ethanol yields were achieved at 70 - 90% of theoretical 
yield. 
23 
Ethanol Production 
2011 Year	 EtOH  (g/kg biomass)	
EtOH  
(kg/ha)	
IL-102	 257.9 	 3,446 	
PC29-106	 233.2 	 2,354 	
ND	 238.2 	 2,114 	
PC40-104	 220.0 	 2,078 	
PC09-101	 205.0 	 1,399 	
LSD (α = 0.05)	 18.9	 682	
2012 Year	 EtOH  (g/kg biomass)	
EtOH  
(kg/ha)	
PC09-101	 216.0 	 1,792 	
PC40-104	 214.7 	 2,273 	
ND	 275.6 	 2,648 	
PC46-105	 252.7 	 2,462 	
9046805	 214.4 	 1,379 	
LSD (α = 0.05)	 20.2	 546	
24 
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Comparison with Other Feedstocks 
•  Miscanthus has much higher ethanol production (kg/ha) compared to other 
feedstocks (switchgrass, sugarcane bagasse, corn stover and prairie 
cordgrass) because of high biomass yields (Somerville et al., 2010 and 
Heaton et al., 2008). 
•  Ethanol production (kg/ha) from prairie cordgrass (our data) are comparable 
with those of switchgrass (Heaton et al., 2008 and Schmer et al., 2008), corn 
stover (Somerville et al., 2010 and Hoskinson et al., 2007) and bagasse 
(Somerville et al., 2010 and Rodrigues et al., 2003 ).  
•  Prairie cordgrass has potential as a feedstock for bioethanol.  
Mike Owsley 
USDA NRCS 
USDA NRCS 
Switchgrass Miscanthus 
Thamizhpparithi Maari 
Bagasse 
25 
Feedstock: Prairie Cordgrass (PCG) 
§  Feedstock (Prairie cordgrass (PCG)) 
§  Determine whether PCG is a good candidate as a cellulosic 
ethanol feedstock. 
1)  Evaluate effects of genetic variation and growing conditions of 
PCG on feedstock composition and ethanol yield.  
2)  Investigate ethanol yields of PCG and switchgrass grown 
under abiotic stresses, such as soil salinity and waterlogging. 
26 
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Marginal Lands 
§  Marginal lands  
§  Sensitive to degradation (TAC Secretariat, 1997) 
§  Steepness of terrain, climate conditions, and soil constraints, such as low 
fertility, poor drainage, shallowness and salinity 
§  Low crop productivity 
§  Advantages of planting perennial grasses on marginal lands  
§  Continuous plant cover and root development at greater depths improve 
soil and water quality, and prevent erosion (Kort et al. 1998; Mann and 
Tolbert 2000) 
Source: DEPI Victoria Source: Donald Suarez, USDA 
Salinity Laboratory 27 
Sample Selection 
  Stress Waterlogged land Saline land Saltwater irrigated land 
Location 
Urbana, IL  
(40° 04' N, 88° 11' W) 
Salem, IL  
(38° 32' N, 89° 01' W)  
Pecos, TX  
(31° 22' N, 103° 37' W) 
Soil type Flanagan silt loam Cisne-Huey silt loam Hoban silty clay loam 
Electrical conductivity of soil 
 0 to 15 cm depth 0.96 dS/m  7.35 dS/m  7.94 dS/m  
 15 to 30 cm depth 0.39 dS/m  4.92 dS/m  5.68 dS/m 
Total precipitation  35.2 in 52.2 in  27.0 in 
§  Samples 
§  Prairie cordgrass (PCG-109, 17-109)  
§  Switchgrass (Kanlow)  
§  Sample growing conditions 
28 
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Marginal Lands 
29 
Methods 
§  Composition analyses  
§  Two step acid hydrolysis (NREL 2014) 
§  Pretreatment  
§  20% solids (2 g biomass + 18 ml 1% w/w sulfuric acid)  
§  160°C, 10 min  
§  Enzymes 
§  Cellic CTec2 (0.43 mL)  
§  Cellic HTec2 (0.18 mL) 
§  SScF condition 
§  Industrial Saccharomyces cerevisiae: ferment C5 and C6 sugars 
§  pH 6, 100 rpm and 35 °C  
§  Calculation 
§  Theoretical ethanol yields = (sum of glucose and xylose concentrations 
in original samples) X 0.511 
30 
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Raw Sample Composition 
•  Prairie cordgrass had similar glucan, lower xylan and higher ash 
concentrations than switchgrass.  
•  Samples grown on irrigated lands had high ash concentrations. 
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31 
SScF: Waterlogged Land 
•  Sugars at 0 hr were from pretreatment.  
•  Yeast fermented xylose simultaneously with glucose. 
•  At 96 hr, ethanol concentrations of PCG-109, 17-109 and Kanlow were 
23, 22 and 26 g/L, respectively.  
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SScF: Saline Land 
•  At 96 hr, ethanol concentrations of PCG-109, 17-109 and Kanlow 
were 23, 27 and 30 g/L, respectively.  
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33 
SScF: Saltwater Irrigated Land 
•  At 96 hr, ethanol concentrations of PCG-109, 17-109 and Kanlow 
were 19, 20 and 26 g/L, respectively.  
•  Yeast was not inhibited by salts present in biomass ash.  
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Ethanol Production (g/kg biomass) 
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•  Samples with high total ash had reduced carbohydrate 
concentrations and consequently lower ethanol production per 
kg biomass.  
35 
Biomass Yields (Mg/ha) 
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•  PCG-109 and 17-109 were not adapted to Texas environment.  
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Ethanol Production (kg/ha) 
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•  Ethanol productions (kg/ha) from marginal lands had similar 
range to the those from lands with normal conditions.  
•  Prairie cordgrass and switchgrass grown on marginal lands have 
potential to be biofuel feedstocks. 
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37 
Two Step Pretreatment 
§  Pretreatment (two step pretreatment)  
§  Develop a new pretreatment method that can destruct the cell wall 
efficiently.  
1)  Improve sugar yield from corn stover by the combined 
pretreatment, dilute acid or hot water pretreatment followed 
by disk milling.  
2)  Determine effects of disk milling on improving sugar yields of 
commercially pretreated sample. 
38 
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Two Step Pretreatment 
§  Combined pretreatment: Leverage the strengths of each 
pretreatment method and maximize physicochemical changes during 
pretreatment.  
§  Combination and order of pretreatment  
 
§  Severe dilute acid pretreatment  
§  More than 80% of hemicellulose is solubilized.  
§  Inhibitors are generated.  
§   Disk milling  
§  Milling reduces particle size and crystallinity. 
39 
Method: Pretreatment Condition 
Pretreatment 	
Temperature 
(°C)	
Holding  
Time 
(min)	
Dilute acid 
added  
(% w/w) 	
Severity 
Factor 
(cSF)	
Hot water 	 160	 4	 N/A	 −1.39	
Hot water 	 160	 8	 N/A	 −1.18	
Hot water 	 180	 4	 N/A	 −0.26	
Hot water 	 180	 8	 N/A	 0.27	
Hot water 	 200	 4	 N/A	 1.01	
Dilute acid 	 160 	 4	 0.55	 1.01	
Dilute acid 	 150 	 4	 1.0	 1.46	
§  Sample: Corn stover harvested in 2012 from the University of Illinois South 
Farm in Urbana, IL.  
§  Pretreatment conditions  
§  20 L Parr reactor 
§  20% solids  
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Method: Severity Factor 
§  Combined severity factor (cSF) (Chum et al. 1990)  
t: reaction time (min) 
T: target temperature (°C) 
TR: reference temperature (100°C)  
pH: that of the pretreated liquor  
§  Composition analysis  
§  Original samples  
§  Hot water or dilute acid pretreated samples 
41 
Method: Disk Milling 
§  Disk milling  
§  Minimal gap between stationary and rotating 
disks 
§  Solids loading (20%), same as pretreatment  
§  No washing or neutralization steps for hot 
water pretreated samples 
§  9 cycles 
§  Measure electrical energy usage 
§  Hydrolysis  
§  10% solids  
§  15.6 mg cellulase (eWB-CB) per g glucan 
§  pH 4.2 and 62°C  
§  Incubated in water bath at 75 rpm shaking  
42 
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Method: Calculation 
§  Hot water pretreatment  
  
  
§  Dilute acid pretreatment  
monomer sugars present in hydrolysate 
the corresponding carbohydrate concentration in original sample  
Sugar Yield (%) =  
X 100  
Hot water 
pretreatment Disk milling Hydrolysis 
Dilute acid 
pretreatment Disk milling Hydrolysis Washing 
Sugar Yield (%) =  
X 100  
monomer sugars in pretreatment liquor + monomer sugars in hydrolysate 
the corresponding carbohydrate concentration in original sample  
43 
Compositions (% w/w) in Insoluble Solids of 
Pretreated Samples 
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As the severity factor increased, xylan contents in the insoluble solids 
of the pretreated samples decreased. 
severity factor  
Low High 
44 
	 167	
 
2/13/17	
1	
Compositions (% w/w) in Soluble Solids of 
Pretreated Samples 
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•  As the severity factor increased, soluble xylose increased and then 
decreased. 
•  Acetic acid, hydroxymethylfurfural (HMF), furfural and formic acid 
increased as the severity factor increased.   
severity factor  
Low High 
severity factor  
Low High 
45 
Particle Size & Milling Energy Consumption 
Sample  
Particle size  
before milling 
(µm) 
Particle size  
after milling   
(µm) 
Milling energy  
consumption  
(kWh/kg d.b.) 
Raw sample 735  a 128  b 16.3 
HW at 160°C for 4 min  338  e 105  c 9.84 
HW at 160°C for 8 min  487  b 130  a 13.0 
HW at 180°C for 4 min  306  f 46.5  e 8.83 
HW at 180°C for 8 min  432  c 58.2  d 6.00 
HW at 200°C for 4 min  383  d 36.6  f 8.19 
Disk milling energy consumption was reduced by 20 to 63% after hot 
water pretreatment.  
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Hydrolysis 
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•  Disk milling itself was an effective pretreatment method to increase 
glucose yields (by 150%) and xylose yields (by 360%). 
•  Hot water pretreatment followed by disk milling had synergistic 
effects in increasing glucose yields (by 89%) and xylose yields (by 
134%).   
•  Dilute acid pretreated milled samples showed the highest glucose 
and xylose yields. 
47 
Two Step Pretreatment 
§  Pretreatment (two step pretreatment)  
§  Develop a new pretreatment method that can destruct the cell wall 
efficiently.  
1)  Improve sugar yield from corn stover by the combined 
pretreatment, dilute acid or hot water pretreatment followed 
by disk milling.  
2)  Determine effects of disk milling on improving sugar yields of 
commercially pretreated sample. 
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Commercialization 
Lab scale pretreatment  
(20 L Parr reactor)  Industrial pretreatment 
•  Mixing technology  
•  Reactor headspace  
•  Heating and cooling time to target temperature  
49 
Experiment Design 
Dilute acid pretreatment 
(commercially pretreated corn stover: cSF 0.09 or cSF 0.43) 
Hand squeezed and adjusted to 20% solids content  
Disk milling  
(3 cycles) 
Analysis: composition analysis 
Enzymatic hydrolysis 
(7.8, 15.6 or 31.2 mg cellulase/g biomass 
dry basis) 
Analysis: sugar and ethanol 
concentrations   
Disk milling  
(0, 3, 9 or 15 cycles) 
Analysis: composition analysis, particle 
size and morphology  
Enzymatic hydrolysis 
(15.6 mg cellulase/g biomass dry basis) 
Analysis: sugar, ethanol and total phenol 
concentrations   
Milling cycles Enzyme dosage 
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Method 
sugar conc. in hydrolysate – sugar conc. at 0 hr hydrolysate  
sugar conc. in milled samples 
§  Sugar recovery yield (%) =  
X 100  
§  Total phenol compounds  
§  Prussian blue method (Budini et al. 1980; Ximenes et al. 2010) 
§  Colorimetric assay  
 
51 
Compositions of Soluble Solids  
(Disk Milled Samples) 
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Compositions of Insoluble Solids  
(Disk Milled Samples) 
0 c
yc
le
3 
cy
cle
s 
9 c
yc
les
 
15
 cy
cle
s 
0 c
yc
le
3 c
yc
les
 
9 c
yc
les
 
15
 cy
cle
s 
0
5
10
15
20
25
30
35
40
45
50
55
cSF = 0.43
 Glucan   Xylan
 Sample
 
In
so
lu
bl
e 
S
ug
ar
 (%
 g
/g
 d
.b
.) cSF = 0.09
53 
Hydrolysis: Milling Cycles  
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Morphology: cSF = 0.09 
0 cycle 3 cycles 
9 cycles 15 cycles 
55 
Morphology: cSF = 0.43 
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Disk Milling Energy Consumption 
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Hydrolysis: Enzyme Dosage 
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Hardwood Chips With Green Liquor 
(Na2CO3 and Na2S) with PFI Milling 
B.W. Jones et al. 2013. Bioresour. Technol. 147:353-360. 
59 
Hydrolysis Inhibition: 
Phenols and Oligosaccharides 
Milling Total phenols  
cycles 0 hr (g/g protein) 
0 6.91 ± 0.27   a 
3  5.19 ± 0.97   b 
9 4.27 ± 0.76   c 
15 3.98 ± 0.33   c 
Milling Glucooligosaccharides  Xylooligosaccharides 
cycles 0 hr (mg/L) 72 hr (g/L)   0 hr (mg/L) 72 hr (g/L) 
0 0.64 ± 0.07   b 2.53 ± 0.38   3.87 ± 0.26   a   5.78 ± 0.68   c 
3  0.80 ± 0.03   a ND    3.77 ± 0.06   a 7.38 ± 0.33   b 
9 0.79 ± 0.01   a ND     3.53 ± 0.07   a 7.31 ± 0.13   b 
15 0.83 ± 0.06   a ND   3.44 ± 0.58   a 8.07 ± 0.28   a 
•  Phenolic compounds inhibited cellulase 
and β-xylosidase at concentrations 0.2 to 4 
g phenolics/g protein (Kim et al. 2011).  
•  Xylooligosaccharides were formed during 
hydrolysis and inhibited cellulase.  
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Conclusions 
§  Prairie cordgrass has potential to be a bioethanol 
feedstock.  
§  Prairie cordgrass and switchgrass grown on 
waterlogged, saline and saltwater irrigated lands 
could be a potential bioethanol feedstock.  
§  Hot water or dilute acid pretreatment with disk milling 
had synergistic effects in increasing sugar yields.  
§  Disk milling was effective in improving sugar yields of 
commercially pretreated corn stover.  
61 
Future Work 
§  Comprehensive study of dedicated energy crops 
grown on marginal lands for ethanol production.  
§  Technoeconomic analysis of the combined 
pretreatment: dilute acid or hot water pretreatment 
followed by disk milling.  
§  Scale up disk milling process of the combined 
pretreatment.  
§  Simplify combined pretreatment by removing initial 
grinding before chemical pretreatment. 
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